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SUMMARY 


The objective of this program was to establish the technology for small, high- 
pressure liquid oxygen (LOX) pumping capability. Turbopumps in this category 
are needed for applications in small, high-performance, reusable, versatile, 
staged-combustion rocket engines. To accomplish this objective, analysis and 
design effort was expended to produce specifications and shop drawings in suffi- 
cient detail to permit fabrication of test hardware. 

To obtain high performance and minimize weight, the rotor speed was established at 
7330 rad/s (70,000 rpm) . The pump design Included a single-stage centrifugal Im- 
peller preceded by an axial-flow inducer to reduce the net positive suction head 
(NPSH) requirements. Rotor axial thrust control was provided by incorporating a 
self-compensating, double-acting balance piston as an Integral part of the impeller 
rear shroud. Power for the pump was developed by a single-stage, partial-admission 
turbine using the combustion products of liquid hydugen (LH 2 ) and LOX as the 
propellant. Tlie rotor was supported on two ba‘'l bearings at each end. The pump 
end bearings were cooled by recirculating LOX. The turbine end bearings, located 
outboard of th'* turbine disk to provide auxiliary power takeoff capability, were 
cooled by LH 2 . Controlled gap seals were used to accomplish sealing along the 
rotor. 

Hardware was fabricated for two complete turbopump assemblies. To provide a hot- 
gas source for the turbine, a gas generator was designed, fabricated, and tested. 

The turbine was calibrated at Wyle Laboratories with gaseous nitrogen as the 
driving fluid and a torquemeter was used to measure output. The turbine efficiency 
was measured at 51%, 9% below the predicted value at the design point. 

The turbopump assembly was tested at Lima stand of Rocketdyne's Propulsion Research 
Area (PRA) . Eighteen tests were conducted on one turbopump assembly, with LOX 
as the pump fluid on all but three tests. (Liquid nitrogen (LN 2 ) was initially 
used to verify Integrity.) The turbine was propelled by ambient-temperature 
gaseous hydrogen on seven tests, and by hot gas v">n the remaining tests. Speeds 
In excess of the design level, up to 7765 rad/s (74,191 rpm) were explored. Pump 
discharge pressures ranging up to 3175 N/m (4604 psla) were generated with flow- 
rates up to 0.013 m^/s (193 gpm). The turbine was exposed to a maximum inlet 
temperature of 1133 C (2040 F) . 

4.ialysls of the fluid dynamic performance of the pump revealed a need for addi- 
tional development effort in the following areas: the data indicated a low 

suction performance either because the Inducer generated insufficient head or 
because of blockage at the Impeller inlet. The diffuser through-flow area was 
smaller than required for good diffuser perfor.iance. Finally, the resistance 
of the passages for the balance piston return flow was too high, resulting in a 
reduced balance range for the piston. 

To resolve the first problem, a modified inducer configuration or rework of the 
leading edges of the Impeller will be necessary. The diffuser and balance piston 
deficiencies should be resolved by minor changes to the appropriate hardware. 



In terms of the mechanical operation oi the turboputnp, only two discrepancies 
were noted. The front bearings were discolored due to overheating, and a section 
had split off from one ball. It could not be ascertained whether the bearing 
overheating was caused by high bearing axial loads or by metal damage incurred 
during operation in LN2* The other discrepancy was flaking and blistering of 
the rotor chrome plating under the primary hot-gas seal. Increased radial 
clearance and Improved quality control over the chrome plating process are 
expected to resolve this problem. The other components of the turbopump were 
in good condition. 


INTRODUCTION 


System studies have been conducted to determine the feasibility of developing 
a reusable vehicle for performing future Air Force and NASA space maneuvering 
missions. These studies have shown that, over the thrust range of interest, 
high-pressure, staged-combustion-cycle engines offer the hig.^est specific impulse 
and payload capability. A review of the vehicle and engine system study results 
indicates tnat a single-bell-nozzle, staged-combustion-cycle engine at 88, 9o^ N 
(20,000 pounds) thrust level is near optimum for the DOD and NASA mission 
requirements. 

This program was initiated to provide the required LOX turbopump technology base 
for subsequent development of a high-performance, staged-combustion rocket engine. 

Technology items of particular inteiest during the course of this program included 
establishing the fluid dynamic parameters and design details for a small-capacity, 
high-pressure LOX pump, and low-pressure-ratio, partial-admission turbine; opera- 
tion of a balance piston with no axial rubbing features; balance and operation of 
a high-speed rotor; high DN bearings in LOX; hydrogen-environment embrittlement 
protection; and fabrication of small components with limited accessibility for 
generating internal passages. To provide a hot-gas source for the turbine, work 
was also performed on high-pressure, concentric-element, O2/H2 injector gas 
generators. 

The objectiv^es of this program were to design, fabricate, and test a high-pressure 
LOX turbopump capable of meeting the performance requirements of the 88,964 N 
(20,000 pounds) thrust, staged-combustion-cycle engine, demonstrate its basic 
capability, and identify any areas where additional effort due ro technology 
limitations is required to place a future engine program on a solid basis. 

Rocketdyne has assigned the designation **Mark 48-0 Turbopump** to the small, high- 
pressure, liquid oxygen turbopump design generated under this contract. The two 
terms will be used interchangeably throughout this report. 


DISCUSSION 


ANALYSIS AND DESIGN 
ASE Engine Configuration 

The objective of this program was to establish the technology base for small, 
high-pressure, liquid oxygen pumping capability for application on the Advanced 
Space Engine (ASE). The basic performance parameters for the ASE have been es- 
tablished in a preliminary design task, the results of irfiich are reported in 
Ref. 1 . 

A schematic of the Advanced Space Engine is presented in Fig. 1 . It is a staged- 
combust ion-cycle engine using liquid hydrogen and liquid oxygen as propellants. 

The major components comprising the engine are two low-pressure, gas-driven b^,ost 
pumps; two high-pressure pumps; a preburner; a regene ratlvely cooled combustion 
chamber and nozzle; dump-cooled nozzle extension; and valves. 

The small, high-pressure, liquid oxygen turbopump effort performed under this con- 
tract was directed toward establishing the technology for the main oxygen 
turbopump. 

Turbopump Requirements 

The performance requirements for the Mark 48-0 turbopump are listed in Table 1 . 

The pump is required to deliver 16.4 kg/s (36.21 Ib/sec) of liquid oxygen starting 
with an inlet pressure of 68.9 N/cm^ (100 psia) provided by the low-pressure pump, 
to a discharge pressure of 2977 N/cm2 (4318 psia). The propellant gas for the 
turbine is a mixtu.'e of free hydrogen and steam resulting from the combustion of 
liquid hydrogen and liquid oxygen. The gas is provided at a temperature of 1041 K 
(187': R) and an inlet pressure of 2320 N/cm^ (3366 psia). The total gas flowrate 
avaixable is 1.34 kg/s (2.92 Ib/sec). The horsepower requirement of the pump is 
matched by adjusting the pressure ratio across the turbine. Since turbine pressure 
ratio has a strong Influence on the attainable engine combustion pressure in a 
staged combustion cycle, it is to be maintained at the lowest possible le\el. As 
noted in Table 1 , the mechanical operating requirements Included multiple starts 
with long operating durations and potentially long coast times between operations. 

The values noted lii Table 1 deviate slightly from the requirements expressed in 
the original contract work statement. Refined computer runs of the engine balance 
Indicated minor shifts in the required pump discharge pressure, turbine inlet 
temperature and pressure, and turbine hot-gas flowrate. The revised values were 
incorporated in the requirements with the NASA Project Manager's approval. 

In the area of the pump, the combination of low flowrate and high discharge pres- 
sure Imposed a difficult impeller fabrication task because of the relatively narrow 
passages required compared with the outer diameter. The desire for high effici- 
ency* conpact paclcaglng* and light weight placed the rotor speed Into the 6282 to 
9623 rad/s (60*000-to 90*000-rpn) range, pushing bearing SN value to the 1.5 x 
1 q 6 on rpn Halt noted In the Design Ground Rules (Appendix A). The bearing 
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TABLE 1 . LIQUID OXYGEN TURBOPUMP NOMINAL DESIGN CONDITION 



Metric Units 

Engl ish Units 

Turbopump 



Capable of operation at pumped- idle 
conditions ( 5 to 10 of full thrust) 



Off-design operation 

±20% Q/N at full thrust down 
to 30% Q/N at 20% N 


Number of st^^rt-stop cycles 

300 


Time between overhaul 

10 hours 


Pump 



Type 

Centrifugal 


Propel tant 

Liquid oxygen 


Inlet pressure 

68.9 N/cffl2 

100 psia 

Inlet temperature 

90-95. 5K 

162 to 172 R 

Discharge pressure 

2977 N/cm2 

4318 psia 

Mass flow 

16,4 kg/s 

36.21 Ib/sec 

Number of stages 

One 


Turbine 



Working fluid 

H 2~02 combustion products 
(H2 X HjO) 


Inlet temperature 

lOlll 

1874 R 

Inlet pressure 

3220 N/cm2 

3366 psia 

Pressure ratio 

Minimum necessary to 
develop pump horsepower 
requirements. 


Flowrate 

1 34 kg/s 

2.92 Ib/sec 

Number of stages 

One 


Type 

Partial admission 


Service life between overhauls: 

*300 Thermal cycles or 10 
hours accumulated run time 


Service- free life 

*60 Thermal cycles or 2 hours 
accumulated run time 


Maximum Single Run Duration: 

2000 s 


Maximum time between firings 
during mission: 

14 days 


Maximum time between firings 
during mission: 

1 minute 


Maximum storage time in orbit 
(dry); 

52 weeks 



Theriml cycle defined as engine start (to any thrust level) and shutdown 






operation at high DN values in a turbopump installation as well as the dynamic 
behavior of the rotor at high speeds needed to be demonstrated. Because of the 
high operating speed involved, the bearings would not be able to take an appreci- 
able axial thrust ?,oad. This condition dictated that an axial thrust balance 
device be employed which, in liquid oxygen, would have to be of the nonrubbing 
type. The operating characteristics of such a device also required evaluation. 

In the turbine, the low-pressure ratio (approximately 1.4) and low arc of admis- 
sion (28%) presented a combination for which no erapirical data were available. 
Performance predictions based on calculations needed to be validated or modified 
by measured performance data. 

From a structural consideration, the requirement for 300 thermal cycles was signif- 
icant in that it established low-cycle-fatigue criteria and eventually necessi- 
tated incorporating a liner in the turbine manifold to limit the maximum thermal 
gradients in structural walls. 

In addition to the performance criteria noted in Table 1 , the contract work state- 
ment included cc-.tain ground rules relating primarily to' the structural analysis 
and mechanical design of the turbopump. These ground rules are enclosed in 
Appendix A. 

Turbopump Description 

The mechanical configuration of the small, high-pressure, liquid oxygen turbopump 
is illustrated in Fig. 2 , with the significant parts identified. The top assem- 
bly requirements are established on Rocketdyne drawing number RS009820E, which is 
included in Appendix B. The design was given the Rocketdyne internal designation 
of Mark 48-0. 

Liquid oxygen is Introduced to the pump through the axial-flow inlet of 4.214 cm 
(1.65C inch) diameter and passes through a four-bladed^ constant-outer-diameter, 
tapered-hub inducer which raises the pressure to an intermediate level. From the 
inducer the liquid proceeds into a centrifugal impeller containing four partial 
and four full blades. Subsequently, it is diffused in a' radial diffuser which 
incorporates 13 guide vanes. Downstream of the diffuser, liquid oxygen is col- 
lected, further diffused in a volute section, and delivered through a single 
2.54 cm (1.00 inch) diameter duct. 

Hot gas to the turbine is admitted through a scroll-siaped, constant-velocity in- 
let, lined with a 1.57 mm (0.062 inch) metal liner to maintain the thermal gradi- 
ents across the structural walls at an acceptable level. The inlet duct diameter 
is 3.1 cm (1.22 inch). The active arc of the partial-admission nozzle extends 
over 1.8 rad (103 degrees) or 28.6% of the circumference, and it includes seven 

flow passages. The gas is fully expanded through the nozzle, after which it passes 

through a single row of unshrouded impulse-type blades (79 blades) of the rotor. 

The exhaust gas is directed through a row of stationary vanes which guide the gas 

toward a single radial exit duct of 3.81 cm (1.50 inch) diameter. 
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Figure 2. Mark 48-0 Turbopump 
















The pump shaft and the turbine disk are designed as an integral part. On the out- 
board end, a stub shaft is used with a stud and nut to extend the rotor. Two 
pairs of angular-contact, 20 nun ball bearings are used to support the rotor. The 
pump-end bearings are cooled by recirculating liquid oxygen through them. The 
outboard shaft seal is pressurized with liquid hydrogen, and the leakage toward 
the outboard side is used as bearing coolant. A small amount of liquid hydrogen 
is bypassed around the seal and introduced to the bearing directly as a redundant 
source of coolant. The bearings in each pair are axially preloaded against each 
other with Belville springs to prevent ball skidding. The turbine-end bearings 
are free of other axial loads. The outer-race sleeve of the pump-end bearings is 
axially retained so that the bearings absorb rotor axial thrust during transient 
periods when the balance piston does not control the rotor axial position. 

Under conditions other than early transient stage during startup or at the end of 
shutdown, the rotor axial thrust is neutralized by a self-compensating balance 
piston. The rotating member of the piston is the rear shroud of the impeller. 

To operate the piston, high-pressure liquid oxygen from the impeller discharge 
passes through a high-pressure orifice located at the outer diameter of the im- 
peller into the balance cavity. From the cavity, the liquid passes through a low- 
pressure orifice near the Impeller hub into the sump. From there the liquid oxy- 
gen is returned to the eye of the impeller through axial passages in the diffuser 
vanes and radial holes in the diffuser and inlet. Thrust-compensating effect is 
achieved by virtue of the fact that the high- and low-pressure orifice openings 
vary with the axial position of the rotor, and the pressure force on the rear 
shroud of the impeller varies correspondingly; e.g., an unbalanced load toward 
the pump inlet causes a reduction in the high-pressure orifice gap and an Increase 
in the low-pressure orifice gap. This, in turn, causes a reduction in the pressure 
force of the impeller rear shroud, introducing a compensating load change. 

Because of the danger of explosion when rubbing in liquid oxygen, the balance 
piston orifices were designed as noncontacting type, formed by the axial proximity 
of close clearance, 0.038 ram (0.0015-inch) average, diametral, cylindrical surfaces. 

To preclude mixing liquid oxygen from the pump with the combustion products from 
the turbine, the two regions are separated by three dynamic seals. All three 
seals are of the controlled-gap type, with two seal rings in each. The controlled- 
gap concept was selected for this application primarily because It has low drag 
torque, a **must” for idle-mode starts. This concept also minimizes power absorp- 
tion during steady-state operation, and permits* very long service life. Pump fluid 
is contained by the primary LOX seal. The oxygen which flows past this seal is 
drained overboard from the cavity formed by the primary and intermediate seals. 

A slinger containing pumping ribs was included upstream of the primary LOX seal 
to reduce the pressure at the seal gap to a level that will vaporize the fluid. 

The objective was to reduce the mass flowrate through the seal with this technique. 

On the turbine side, because of the high pressure involved, sealing and drainage 
was accomplished in two steps. An overboard drain was included downstream of the 
fint ring, which reduces the pressure between the two rings to 79 N/cm^ (115 psia). 
The small amount of turbine gas which leaks past the second ring is drained over- 
board with a drain cavity pressure of approximately 14 N/cm (20 psia). 
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To provide separation of the pump and turbine fluids, an intermediate seal was 
incorporated between the two drain areas with a GHe purge which maintains the 
cavity between the two rings at 35 N/cm^ (50 psia) . 

Turbopump Configuration Selection 

The statement of work defined the configuration of the turbopump as a centrifugal 
pump powered by a single-stage, partial-admission turbine. These guidelines were 
established based on the result of a prior effort conducted under NASA-Lewis Re- 
search Center contract in which the basic parameters of the Advanced Space Engine 
were defined (Ref. 1). In addition, the speed of the LOX turbopump rotor was 
limited to the range of 6282 to 9423 rad/s (60,000 to 90,000 rpm) to achieve 
reasonable efficiency and weight, while maintaining a maximum bearing DN limit 
of 1.5 million. 

Within the above-specified limits, the most important options which had to be Con- 
sidered were those relating to the type of axial thrust control concept and type 
of Impeller and diffuser to be used, and whether an inducer was necessary at the 
pump inlet. Each of these features was studied with respect to advantages and 
disadvantages, and the conclusions are discussed below. A summary is enclosed 
in Fig. 3 . 

Impeller With or Without Inducer . The higher the pump speed that can be selected, 
the higher the obtainable performance and the smaller the pump envelope and weight 
will be. Therefore, the speed was selected based on the given bearing DN value 
limitation as well as axial thrust control considerations, which limit the mini- 
mum Impeller diameter that can be used to achieve thrust balance. If we assume 
a speed of 7853 rad/s (75,000 rpm), which corresponds to a DN value of 1.5 x 10^ 
for a 20 mm bearing a pump suction specific speed of 24,000 would be required 
(available NPSH 170 feet). This suction specific speed, however, can be obtained 
only by using an Inducer. It is for this reason that the Inducer- Impeller 
combination was selected. 

Open-Faced or Shrouded Impeller . Experience shows that a shrouded impeller re- 
sults in a higher performance than an unshrouded. In addition, its performance 
is independent of the axial rotor position, and allows a generous clearance be- 
tween rotor and housing, thus eliminating an explosion hazard. The shroud also 
adds rigidity to the impeller, which is desirable when an integral impeller- 
balance piston system is used. Although more difficult to manufacture, the above 
factors dictate a shrouded Impeller. 

Axial Thrust Control. Integral versus Separate Balance Piston. The advantage of 
the separate balance piston is that its size can be selected such that any axial 
thrust condition can be controlled. The disadvantages, however, outweigh this 
advantage: pump length and weight Increase, and pump performance decreases since 

balance piston leakage losses and disk friction Increase. Using an Integral 
impeller-balance piston system reverses the advantages and disadvantages of the 
separate pistons: Weight, length, and performance losses are minimized; however, 

the thrust balancing range is limited, being a function of the Impeller size. 
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Figure 3. Configuration Selection 
Logic Diagram 
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To ensure that sufficient thrust control could be achieved with the integral sys- 
tem, a parametric trade study was made. The results of this study, summarized in 
Fig. 4 , showed that axial thrust control could be achieved if the impeller diam- 
eter was maintained above 5.8 cm (2.3 inch). Based on this, the integral impeller 
balance system was selected. 

Vaneless or Vaned Diffuser . This option was considered only because a vaneless 
diffuser is easier to manufacture. The pump efficiency, however, increases when 
a vaned diffuser is used. A vaned diffuser reduces the velocity in a short length, 
the flow path length is reduced and, therefore, the friction losses. (For ex- 
perimental results see Ref. 2 , page 17, Fig. 6). A second advantage of the 
vaned diffuser is that the pressure around the periphery of the impeller is more 
uniform, resulting in reduced radial loads. For these reasons, the vaned diffuser 
configuration was selected. 
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Hydrodynamic Analysi s of the Pump 


Pump Speed Select ion, ihe speed selection involved a compr,- ,se between several 
considerations. It included a design study, critical spe^ I uialyses as a function 
of bearing stiffness axxal thrust control calculations. bearing DN value, and 
the effect of speed on pump performance. From the Jes'.r. . ::udy and critical speed 
analyses, the use of c W mn bearing resulted which, Ir •: ii, fixed the maximum 
speed at 7850 rad/s ( 75,000 rpm) based on the 1.5 ' /. limit imposed in the 

Design Ground Rules (see Appendix A). At an estlr. * • bearing stiffness of 
35,000 N/icm (2 x 10^ Ib/ln, )/be.a? ipg, the aecomt - . ai is located at 5550 rad/s 

(53,000 rpn) : meanwhile, the third is located at 1 ; :'J0 rad/s (100,000 rpm). Thus, 
from the standpoint of critical rotor frequencib-j , l'iu speed range of 6912 rad/s 
(66,000 rpm) to 8376 rad/s (80,000 rpm) was accop:.able after a 20% allowance was 
made for margin. Another criterion to be considered was the axial thrust control. 
With a selected impeller head coefficient of 0 . 4 ? (see Impeller Design) an impel- 
ler diameter of 6.0*> cm (2.38 inches) would result in a speed of 7850 rad/s (75,000 
rpm). This diameter was only slightly larger than the 5.84 cm (2.3 inches) impel- 
ler diameter thrust capability limit established by the parametric study (Fig. 4). 
To ensure that enough axial thrust capability margin was Incorporated, the Impeller 
diameter was established at 6.48 cm (2.55 inches), resulting in an operating speed 
of 7330 rad/s (70,000 rpm). 


Inducer Inlet Flow Coefficient . The available nominal inlet pressure to the pump 
is presently established at 68.94 N/cm^ (100 psl). Initially in the program, this 
value was 52.91 N/cm^ (76.75 psia) minimum, and the presented inducer analysis was 
based on the latter pressure level. The NPSH available at the inducer inlet at 
52.91 N/cm^ (76.75 psi) inlet pressure and 95.5 K (172 R) inlet temperature is 
320 J/kg (107 feet), which corresponds to a suction specific speed of 111.5 rpm 
(m3/s)l'2(j/kg)3/4 [31,867 rpm (gpm)l/2 (ft)3/^]at 7320 rad/s(70,000 rpm). To obtain 
the maximum margin on suction performance, particularly In view of the degradation 
of obtainable suction specific speed due to the small-slze Inducer, an inlet flow 
coefficient ♦ ■ 0.085 was selected. With this flow coefficient, larger-slze in- 
duce! s hrve the potential of reaching a corrected suction specific ‘,peed of 192,5 
rpm (m3/s)^' ^/(J/kg)3/^ [55,000 rpm (gpm)^'^ (ft)3/4, see Fig. 4, page 12 of NASA 
Report SP8109j. A second consideration In selecting 0.085 as the flow coefficient 
was the limitation Imposed by the inducer blade angle. With Inducer tip and hub 
diameters of 4.19 cm (1.65 Inches) and 1.78 cm (0.7 inch), respectively, the inlet 
blade angle of the tip becomes 0.15 rad (8.5 degrees). A lower flow coefficient, 
which theoretically yields higher suction specific speeds and therefore a larger 
design margin, would require even smaller blade angles. To provide sufficient 
flow passage area, the inducer tip diameter would have to be increased and the 
blades made thinner. As a consequence, the blades would be higher stressed, and 
fibricatlon would become more difficult. Furthermore, the diameter ratio of the 
impeller would be unfavorably affected and, as a result, the pump efficiency would 
drop. Therefore, the selected flow coefficient 0.085 represents the lower limit 
and, hence, the optimum choice for this application. 

Inducer Inle': Blade Angles . The blade centerline was canted forward 0.16 rad 
(9 degrees) from the radial direction to counteract the hydraulic loads oy cen- 
trifugal forces. A 2.09 rad (120 degrees) sweep was used to ease the blade stress 
conditions. 
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As noted above, the blade anple at the inlet tip was established at 0.15 rad (8.5 
degrees) In conjunction with the selection of the flow coefficient and tip diameter. 
Angles at other radii were determined by the relationship 


r tan B 

cos (^.16 rad) 


constant 


where 

r «• radius 

3 * blade angle from tangential 

cos (0.16 rad) • cant angle correction 

The resulting blade angle at the hub is 0.339 rad (19.4 degrees). 

Inducer Discharge Blade Angles . The Inducer discharge blade angles were determined 
by the impeller suction capability, which was selected as Ss - 2.569 rad/s 
(m3/s)l/2/(j/kg)3/^ (7000 rpm (gpm)l/2 (ft) 3/4), Since the Impeller front wear- 
ring flow as well as the balance piston flow is returned to the inlet of the 
Impeller, doimstream of the inducer, the following impeller flow was used: 




Ib/sec 

Through flow 

16.44 

36.21 

Front wear-ring flow 

0.7/ 

1.62 

Balance-piston flow 

2.19 

**.83 

Impeller flow 

19.37 

42.66 


The value of the balance piston flow used in the Impeller analysis was derived 
from a preliminary analysis. It is larger than the flow which results when the 
final tolerances are used. (See Axial Thrust Analysis section of this report) 

Based on this luq>eller flowrate and Sg, the required impeller inlet NPSH is 2690 
j/kg (900 feet). Assuming an available Inducer Inlet head of 52.9 N/cm (76.75 
psla) results in a minimum inducer required headrlse of 2346 J/kg (785 feet). 

The inducer discharge angles were determined by using a head rise requirement of 
301 T/kg (900 feet). This was done to account for the size effect. The discharge 
blade angles from hub to tip are determined by the relation 

r tan 6 *■ constant 


This does not produce an ideal constant head output from hub to tip, but eases 
the tabrlcatlon considerably. First the angle at inducer discharge rms is 
calculated: 


^hydr 


(<=«) 

Euler Head • ■ 

S 


16 


I 1 ^ 




rms 


AH g_ 

n,. . « 

hydr nas 

(2690) 
(0.8) (124) 


= 27.1 m/s (SI) 


(900) -(32. 2) ^ 
(0.8) (407) 


89.1 ft/sec (English) 


The exit area is 


A2 = t (d; - D^) 


JL 

4 

7T 

4 


(4.19^ - 2.29^) 


(1.65^ - 0.9^) 


= 9.67 cm (SI) 


= 1.5 in. (English) 


where Dx and Dh the inducer tip and discharge hub diameters, respectively. 
If the blockage is assumed to be 0.8, 


“m (A) (0.8) 


(0.0144) 


(9.67 X 10-^) (0.8) 
(229) (144) 


(449) (1.5) (0.8) 
with that, the relative flow angle at rms is 

('m2 


18.6 m/s (SI) 


= 61.2 ft/sec (English) 


= arc tan 

2 rms u - c 

rms u„ 


rms 


18.6 


arc tan \ 2 ^ 1 ° 0*19 radian (SI) 

61.2 


arc tan 


407 - 89.1 


10.9 degrees (English) 


The total turning at the rms radius is 0.107 radian (6.16 degrees). Assuming 
a deviation angle of 0.044 rad (2.5 degrees) results in a blade discharge angle 
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of 0.24 radian (13.5 degrees) and, therefore, a blade tip angle, B2> of 0.19 
radian (10.95 degrees). Based on this, it was decided to use 0.19 radian 
(11 degrees) at the tip of the inducer discharge, which results in an angle of 

0.34 radian (19.4 degrees) at the hub of the discharge. 

Figure 5 shows the blade angle distribution as a function of the axial length, 
and Fig. 6, the blade loading, which was calculated using Rocketdyne's VELDIS 
computer program. 

Impeller Design . With the inducer design established, the inlet eye diameter of 
the Impeller is also fixed (4.19 cm; 1.65 inches). The required pump head rise is 
25,974 J/kg (8690 feet) which, at 7330 rad/s (70,000 rpm), corresponds to a stage 
specific speed of 4.1 rpm (m3/s)^/2/ (j/kg)3/4 (1174 rpm (gpm)l/2/(ft)3/4). from 
this, using the available experience documented In Fig. 5 of NASA Report SP 8109, 
cin impeller diameter ratio of about 0.65 has to be selected to obtain a high pump 
efficiency. Therefore, the Impeller tip diameter is set to 6.48 cm (2.55 inches) 
whlcl , with the selected speed of 7330 rad/s (70,000 rpm), results in a required 
head coefficient of - 0.4725. From Fig 16 of NASA Report SP 8109, the minimum num- 
ber of blades required to obtain \p * 0.4725 is found to be between five and six. 

Since a four-bladed Inducer has been selected, it is desirable to also have four 
blades at the impeller inlet. This will ensure minimum impeller inlet blockage 
and, at the same time, ease produclbllity. However, an impeller with only four 
full blades results in blade surface velocity gradients exceeding the limits. 
Therefore, four partial blades were added. 

The final determination of the blade angles and shape is a function of blade load- 
ing, stress, and producibility, all of which are also affected by the shroud con- 
tour. Its curvature, therefore, was made moderate to avoid separation. The shroud 
shape also has to be coordinated with the blade thickness required by stress. 

After several iterations, hydrodynamics, stress, and fabrication could be satis- 
fied using an impeller blade discharge angle of 0.454, 0.489, and 0.524 rad (26, 

28, and 30 degrees) at the shroud, mean stream line and hub, respectively. 

The tip width was established as 3.81 mm (0.15 inch) which corresponds to an impel- 
ler discHarge flow coefficient of * 0.151. 

The assumptions used to arrive at these dimensions are as follows: 

Total head to be generated: 

Htot " ** p*""? + losses 
The losses are: 

1. Friction in impeller 4. Diffuser incidence loss 

2. Impeller incidence loss 5. Volute loss 

3. Friction in diffuser 

For the design point, the Incidence losses are assumed to be zero. 
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Figure 5. Mark A8-0 Inducer Blade Angle Distribution 
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The loss values for the pump design point performance calculation are shovm In 
Table 2 . These values are selected based on Rocketdyne's experience. For the 
calculation of off-design performance, the loss coefficients were varied. 

TABLE 2. LOSS VALUES FOR PUMP DESIGN POINT 
PERFORMANCE CALCULATIONS 
(Q = 232 gpm, N = 70,000 rpm) 



1 nducer 

Impeller 

Vaneiess 

Space 

Diffuser 

Volute 

Roughness 

0.000064 

0.000064 

O.DOv 064 

0.000064 

0.00125 

Homentum Loss 
Coefficient 

-- 

— 

- “ 

— 

0.00206 

Incidence Loss 
Coefficient 

0.00426 

0.00073 

— 

0.0007 

— 

Skin Friction Loss 
Coefficient 

0.00947 

0.00578 

0.005438 

0.01082 

0.00609 

Diffusion Loss 
Coefficient 

0.00121 

0.00004 


0.01761 


Exit Diffuser Loss 
Coefficient 





0.00144 


The blade angle distribution is shown In Fig. 7, and the results of the blade 
loading analysis, calculated using Rocketdyne's two-dimensional axisymmetric 
blade-loading analysis computer program, are shown in Fig. 8 and 9. Figure 10 
shows the predicted pump performance map, which is calculated using Rocketdyne's 
loss isolation computer program. 

Vaned Diffuser Design . The impeller is followed by a radial vaned diffuser. This 
type is selected to provide maximum efficiency and, vrith proper volute design, a 
more nearly constant static pressure around the periphery of the impeller, thus 
minimizing radial bearing loads. 

The radial clearance between the impeller discharge and diffuser inlet is set at 
0.1 inch, which corresponds to approximately 4% of the impeller diameter. Thus, 
the diffuser inlet diameter is 2.75 inches. The diffuser exit diameter is set at 
3.65 inches, or 1.43 times the impeller diameter. The diffusion is produced by 
13 vanes. Hydrodynamic loads are insignificant compared to the tensile load. 

The cross-sectional area, therefore, must be selected to carry this load. Rocket- 
dyne's diffuser computer program was used to determine the vane shape (Fig. 11). 

Volute. The diffuser discharges into a volute folded over toward the pump inlet. 
This type Is used to minimize the outside diameter and to create a stable second- 
ary flow pattern, which reduces volute losses. 
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Figure 7, K<*rk 48-0 Impeller Blade Angle Distribution 
(Angles Measured From Tangential) 
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Figure 8 . Mark 48-0 Impeller Relative Velocities, Outer Str 
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The volute area distribution and location of ea~h area with respect to the tongue 
is calculated as a function of wrap angle, 0. 


e 


360 X r . cu. 
In. in. 

W 0.14A 


bdr 

r 


The total wrap angle is 6.28 radians (360 degrees) and Q, the flowrate, is ex- 
pressed in ft^/sec. The coefficient makes allowance for blockage to boundary layer 
buildup. Figure 12 shows the resulting area distilbutlon as a function of the 
wrap angle. 

Turbine Aerothermodynamlc Analysis 

Preliminary Analysis . The turbine aerothermodynamlc analysis was based on the 
design parameters stated In Table 3. The developed power and operating speed 
were established at 638 kW (856 hp) and 7330 rad/s (70,000 rpm) by pump 
requirements. 

A preliminary analysis was conducted under a prior program (Ref. 1) to determine 
the basic configuration of the turbine. This study Indicated that a single-stage, 
partial-admission. Impulse turbine would beat meet the design requirements. 

Turbine Aerothermodynamlc Design . The turbine mean diameter of 11.94 cm (4.70 
Inches) was selected based on the results of a study to optimize turbine efficiency 
as shown In Fig. 13. The analysis used the design requirements data, a maximum 
hub-to-tlp diameter ratio of 0.9 for partial admission, and efficiency trends with 
velocity ratio and partial admission from Ref. 3. Turbine blade speed was main- 
tained within structural limits. The trade study compared the Increase In per- 
formance from Increased blade speed (larger diameter) to the reduction In per- 
formance due to reduced arc of admission. The smallest diameter was desirable to 
minimize turbopump weight. The 11.94 cm (4.70 Inch) diameter resulted In a mean 
blade speed of 437 m/a (1435 ft/sec) at 7330 rad/s (70,000 rpm). 

The design analysis was conducted utilizing Rocketdyne's turbine design computer 
programs which have been developed and verified with rocket engine turbine opera- 
tional data and experimental turbine test data. The gas path element wa31 friction 
and turbulence losses were established from the expansion and kinetic energy 
coefficients, which are a function of the blade deflection angles and blade size. 
The program establishes gas path energy distribution and exit energy losses, and 
adjusts the turbine diagram efficiency. Table 3 presents a susmtary of the turbine 
design data. Including the design requirements. Table 4 Is a suosiary of the 
energy balance for the turbine design, and Table 5 presents the turbine blade 
path summary. 

The turbine manifold was designed to minimize the Inlet flange velocity head 
energy loss. Inlet flange velocity head energy Is a significant part of the 
available energy 1.. a low-pressure-ratio turbine. The manifold torus was sized 
to maintain the Inlet flange velocity constant over the single arc of admission. 

The nozzle Inlet was designed for minimum Incidence within the structural 
constraints. 


VOLUTE AREA, cm' 


WRAP ANGLE. RADIANS 


F-isure 12. Mark 48-0 Volute Area Distribution 
TABLE 3. MARK 48-0 HIGH-PRESSURE OXIDIZER TURBINE DESIGN SUMMARY 


Hetric Units English Units 


Type • Sinqie-Row Impulse, Partial -Admission 
Stage 

Working Fluid - LOj/LH^ (JANNAF Data) 

Turbina Naan DIametar, D 
m 

Speed. N 

Total Turbine Inlet Temperature, T^^ 

Total Turbine Inlet Pressure, P^j 
Static Turbine Exhaust Pressure, Pj^ 

Pressure Ratio, PR (Total to Static) 

Turbine Hass Flowrate, 

Turbine Horsepower, hp^ 

Pitch Line Velocity, 

Nozzle Arc of Admission 

Turbine Velocity Ratio, U/Cq (Total to Static) 
Turbine Efficiency, 'Total to Static) 

Turbine Available Energy (Total to Static Ahat-S) 

Turbine Specific Work, Ahw 

Aerodynamic Mean Radius Loading, 

(gJAh /2IU_2) 


1 1.9b cm 

7330 rad/s 

lObI K 

2321 N/cm^ 

1630 N/cm^ 

I.b2b 

1.33 kg/, 

638 kW 

b37 m/i 

28 . 5 « 

1.8 rad 

0.3b3 

0.598 

0.813 X 10^ 
J/kg 

0.b85 X 10* 
J/kg 


b.70 Inches 
70,000 rpm 
1 87b R 
3366 psia 

236b psIa 

I.b2b 

2.92 Ib/sac 
856 hp 

Ib35 ft/sac 
28.5 

103 degree, 

0.3b3 

0.598 

3b8-9 Dtu/lb 
208.6 Btu/lb 









TURBINE EFFICIENCY (TOTAL/ STATIC) 


OPTIMUM DIAMETER 
11.9*) cm (4.7 INCHES) 


5.2 5.4 5.6 

TURBINE MEAN DIAMETER. INCHES 


Flow Passage Losses 

Nozzle Expansion Energy Loss 
ilotor Kinetic Energy Loss 
Turbine Leaving Loss 
Additional Losses 
Tip Clearance Loss 
Partial ‘Admission Losses 

Rotor Windage, Inactive Arc 
Jet Expansion Loss in Rotor 
End of Sector Pumping Loss 
Turbina Specific Work 
Turbine Available Energy 


Energy 

Aval labte 

kJ/kg 

Btu/lbm 

Energy » % 

67.7 

29.1 

8.3 

134.4 

57.8 

16.6 

42.3 

18.2 

5.2 

17.4 

7.5 

2.1 

44.4 

J 9 .I 

5.6 

4.2 

1.8 

0.5 

15.8 

6.8 

1.9 

485.1 

208.6 

59.8 

811.3 

348.9 

100.0 













TABLE 5. MARK 48 LO^ TURBINE BLADE PA"Ti SUMMARY 


METRIC UNITS) 



*0.017 radian deviation from blade angle 
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TABLE 5. (Concluded) 


(ENGLISH UNITS) 


TURBINE GAS PATH 

STATION 

1 



Vforkinq Fluid - LO2/LH2 




Speed, rpm 

70,000 



Horsepower, hp 

856 



Gas Path Element 

N-1 


l-R 

Number (Vanes, Blades) 

7 


79 

Height, inch 

0.2'4 


0.285 

Axial Width, inch 

0.50 

0.i25 

0.300 

Iniet Angle, degrees 

'IS 


25 

Exit Angle, degrees 

1 6 (vector 


25 (vec',or 


angle)* 


angle) 

Outlet Area, In.^ 

0.2333 


0.li658 

Station 

1 

2 

3 

Pressure, Total, psia 

3366 



Pressure, Static, psia 


25611 

23611 

Temperature R 

187'! 

1798 

1759 

Specific Volume, ftVib 

1 

1 

2 156 

2.189 


*1 degree deviation from blade angle 
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The turbine isentropic available energy was 0.813 x 10^ J/kg (348.9 Btu/lb) from 
the nozzle inlet plane to the rotor exit plane for the inlet temperature and 
pressure and outlet pressure noted in Table 3 . The entire pressure drop occurs 
across the nozzle for the partial-admission, impulse design. The nozzle inlet 
angle of 0.79 radian (45 degrees; angle from the tangential) was selected for 
minimum incidence with adequate vane structural section. The nozzle outle“ angle 
of 0.25 radian (15 degrees) was selected to provide high performance within the 
blade height limitations. The nozzle expansion energy coefficient was 0.916 per 
Ref. 4 for a total nozzle loss of 0.0676 x 10^ J/kg (29.1 Btu/lb). The nozzle 
outlet velocity of 1221 m/s (4006 ft/sec) is shown in the velocity vector diagram 
in Fig. 14 and 15. The kinetic energy available to the rotor to produce work is 
presented by W]^ in Fig. 14 and 15. 


The rotor blade inlet angle was set for zero incidence. The rotor outlet angle 
of 25 degrees was selected for high v/ork output and low leaving loss. For the 
selected rotor axial width of 0.76 cm (0.300 inch), the rotor kenitic energy 
coefficient was 0.589 per Ref. 4 . Rotor outlet kinetic energy is represented 
by W 2 in Fig. 14 and 15. The rotor leaving loss velocity is represented by C 2 of 
291 m/s (955 ft/sec). Rotor kinetic energy loss was 0.123 x 10° J/kg (57.8 Btu/lb). 

The vector diagram specific work shown in Fig. 14 and 15 was 0.567 x 10^ J/»rg 
(244 Btu/lb) for the flow through the nozzle and rotor passages. Additional losses 
exterior to the flow passages reduce the turbine work output. These additional 
losses, summarized in Table 4 , include tip clearance losses and partial-admission 
losses. 


Tip clearance loss was determined using the empirically established efficiency 
ratio data reported by Cordes in Ref. 5 for an unshrouded impulse turbine as a 
function of tip clearance/blade height ratio. The radial tip clearance established 
by mechnaical design considerations was 0.127 mm (0.005 inch) which resulted in 
clearance/blade height ratio of 0.0175. Tip clearance losses are significant for 
unshrouded, high-turning "otatlng blades. Any increase in operating tip clearance 
will result in significant efficiency degradation. 

Partial-admission losses were minimized in this design by maintaining the arr 
of admission greater than 25% of the circumference and by grouping the nozzles in 
one sector of admission. Partial-admission losses of blade windage in the inactive 
section of the rotor, nozzle jet expansion through the rotor, and pumping loss at 
the end of the sector were determined using correlations by Traupel and Suter, 
and by Stennlng reported by Horlock (Ref 6 ) . 

The summation of the gas path losses, tip clearance losses, and partial-admission 
losses resulted in a turbine output specific work of 0.485 x 10° J/kg (208.6 Btu/lb 
as listed In Table 4 . 

Nozzle Vane Profile . The nozzle profile was designed to accelerate and direct the 
turbine flow correctly to achieve design performance. The low-turning, radially 
convergent design was selected for use with the tangential inlet, constant- 
velocity, low-pressure-loss, turbine Inlet manifold. The 0.79 radian (45 degree) 
nozzle Inlet angle was selected as a structural and performance compromise. 
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FLOW PASSAGE SPECIFIC WORK 
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- 437 0221 cos 0.28 + 621 cos 436 - 437) 

- 0.567 X 10^ J/kg 

Figure 14. Turbine Gas Pach Calculation Velocity Vector Dlagraa Qletrlc Units) 
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Figure 15. Turbine Gas Path Calculation Velocity Vector Diagram (English Units) 
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Seven nozzle passages, grouped together, were used to provide a low prime number 
with an acceptable throat aspect ratio near 2 with the low-turning nozzle. Seven 
nozzles result in passage dimensions that can be fabricated. The axial width of 
1.27 cm (0.5 inch) provided adequate passage length for gradual radial convergence 
and a rectangular outlet throat section. Leading and trailing edges are radial. 

The nozzle outlet throat area was determined from the gas path calculation throat 
flow area and the passage fillet area. The gas path flow area includes the effects 
of the nonideal gas characteristics and compressibility for the high-pressure 
hydrogen/oxygen combustion products. 

The nozzle profile is shown in the turbopump housing drawing in Fig. 16. The 
profile has a straight back suction surface from the throat to the trailing edge. 
The trailing edge has a 0.195 mm (0.0075 inch) radius to minimize nozzle wake 
intensity. The straight back suction surface angle was set at 0.25 radian (15 
degrees). The pressure and suction surfaces upstream of the throat are defined 
by circular arcs. The profile section is adequate to carry the structural loads 
resulting from the high pressure in the torus. The nozzle inlet was sized to 
accept the manifold torus velocity with minimum losses and blockage. 

The profile surface velocity distribution was calculated for the pitch diameter 
section assuming constant blade height using the Douglas*Neumann analysis program 
reported in Ref. 7. The suction and pressure surface velocity distribution are 
shown in Fig. 17. The velocity distribution showns gradual acceleration, with 
maximum overspeed of 1.1 of the exit velocity. The analysis confirms the fluid 
turning required of the flow passage. The actual inlet/outlet velocity ratio 
would be lower than indicated because the nozzle inlet height is larger than 
assumed. 

Rotor Blade Profile . Maximum axial width was used for low weight, consistent 
with minimum manufacturable throat opening. Blade spacing was set to give a 
prime blade number for an aerodynamic loading coefficient (Zweifel number) con- 
sistent with previous rocket engine turbine practice. 

Rotor blade throat area was determined from the required gas path throat flow area 
ratloed by the actual arc of admission to equivalent full-admission flow area plus 
the rotor root fillet area. Throat opening at the mean diameter was determined 
from the rotor total throat area divided by the number of blades and the blade 
height. 

The rotor blade profile at the mean diameter is shown in Fig. 18* The profile 
was designed in accordance with Rocketdyne's established practice for this type 
of Inpulse biding. This procedure calls for zero incidence angle according to 
the gas path calculation and a slightly convergent passage to provide a smooth 
velocity pattern. The velocity distribution for the rotor blade is presented in 
Fig. 19 . 

The rotor blade height overlaps the nozzle outlet height by 1.143 mm (0.045 inch) 
or 19%, K.s indicated in Table 5. l^ozzle/ror.or blade axial spacing was set at 
3.175 mm (0.125 inch) to minimize nozzle wake effects at the rotor inlet. Rotor 
blades are unshrouded for ease of fabrication and structural reasons. 
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Turbine Predicted Performance . The predicted turbine efficiency as a function of 
mean velocity ratio is shown In Fig. 20. A design efficiency of 0.598 at a mean 
velocity ratio of 0343 is shown in Fig. 20. The off-design performance charac- 
teristic was established using the test results from Ref. 3 fur a turbine of 
similar size and arc of admission. Crossplots of Ref. 3 test data indicated 
near liner torque-speed characteristics. The characteristic slope for the Mark 
48-0 turbine arc of admission was plotted through the design point to establish 
the turbine off-design performance. 

The predicted turbine flow parameter characteristics are shown in Fig. 21 The 
flow parameter as defined in Fig. 21 is a function of turbine pressure racio and 
rotational speed over the square root of inlet temperature ratio. The 'low para- 
meter characteristics were determined from an iterative computer calculation 
matching flow element areas with turbine operating conditions. 

It should be noted that Fig. 21 is constructed for gaseous hydrogen as the working 
fluid; however, it can be used also for LO 2 /LH 2 combustion products by applying 
proper corrections for fluid properties. 



Figure 20. Small High Pressure LOX Turbopump Predicted 
Turbine Performance Map 
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Axial Thrust Control 


The unbalanced axial thrust forces generated by the Inducer- Impeller, the sllnger 
mounted between pump bearing and seals, and the turbine are balanced by a thrust 
balance piston machined Integral with the impeller. A number of different axial 
thrust systems were Investigated. They Include Impellers with different wear 
ring diameters. Inboard pump and turbine bearing arrangement. Inboard pump and 
outboard turbine bearing arrangement, turbine disk with and without wear rings, 
as well as with and without a sllnger between bearing and seals. 

The configuration finally selected Is shown In Fig. 22. The forces acting on tur- 
bine, Impeller, and sllnger are calculated for nominal design conditions using 
the pump map shown In Fig. 23. For the forces acting on the sllnger. It is 
assumed that vapor Is generated on the slotted sllnger side. 

The total balance piston travel Is set to 2.54 mm (0.010 Inch). Both the high- 
and low-pressure orifices are of the nonrubbing type. The diametral orifice 
clearance Is set to 0.066 and 0.0178 mm (0.0026 and 0.0007 Inch), respectively. 
Figure 24 shows the pressure behind the Impeller and sllnger as they are 
affected by th3 different balance piston positions. In Fig. 25 the net balance 
piston restoring force Is shown as a function of the balance piston travel. 

Bearing Design 

The Mark 48-0 bearings are 20 mm bore, angular-contact ball bearings arranged In 
two sprlng-preload pairs. The forward pair is located immediately behind the 
pump Impeller and Is cooled by LOX. The aft pair Is located on the downstream 
side of the turbine disc and Is cooled by LH 2 . 

The Mark 48-0 bearings are Identical to those designed earlier for the Mark 48-F 
turhopump. Dual use of the same bearing Is technically feasible because the 
design speed of the fuel pump is higher, 9948 rad/s (95,000 rpm) than that of 
the LOX pump, 7330 rad/s (70,000 rpm). Economy In procurement was also effected 
by purchasing only one type of specially designed bearing. 

The internal geometry of the bearing was optimized for 9948 rad/s (95,000 rpm) 
and formalized Into the Rocketdyne Souice Control Drawing, RES1174 (Fig. 26). 

There was no existing bearing with satisfactory features, so a special bearing 
was designed and fabricated with the following features: 

1. Bearing Size. The dimensions of the dynamic components were minimized 
to reduce the Inertial forces due to speed as far as possible. At the 
time of selection, the LOX pump’s bearing DN value of 1.4 x 10^ was within 
the state of technology for LH2~cooled bearings, but was beyond the 1.1 x 
10^ established In Rocketdyne IR&D testing for LOX-cooled bearings. In 
subsequent testing, a 7.5-hour life at 1.8 x 10^ DN was achieved for the 
SSME LOX pump bearings. 

The pitch diameter and outer race outer diameter were made different 
than those existing for a standard metric envelope to accommodate, at 
minimum size, Che thicker inner race cross section required to 






Figure 23. High-Pressure Oxidizer Turbopump Axial Forces 
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Figure 23. (Concluded) 
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Figure 24. Mark 48-0 Turbopump Balance Piston Pressure Levels 
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Figure 25, Mark 48-0 Turbopump Balance Piston Performance 
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FLOW 



I 



A 





CHARACTERISTIC 

ENGLISH UNITS 

SI UNITS 



ENVELOPE DIMS.- 





BORE 

.78725!;^ D'A. 

20 mm 



OUTER OIA. 

I.S3S4!*^DIA. 

39 "»• 



WIDTH (INDIVIDUAL RINGS) 

.3937!^ 

10 mn 



(ACROSS BEARING) 

.3931.002 10 m 




INTERNAL GEOMETRY - 





PITCH DIA. 

1.175 OIA. (REF.) 

29.8 nvn 



RACE RADII (OUTER RACE) 

52^ BALL OIA. (REE) 




(INNER RACE) 

5^0F BALL OIA. (REFJ 




DIAMETRAL CLEARANCE (UNFITTED) 

.0020 TO .0023 IN. 

0.031 TO 0.036 nvn 



(OPERATING) 

.0011 TO .0014 IN. (REF.) 

0.028 TO 0.038 m 



BALL COMPLEMENT (NUMBER) 

TEN 




(DIAMETER) 

.1875 OIA. (NOMINAL) 

k.J6 mn 

r 


SHOULDER HEIGHTS (OUTER RACE) 

20*0F BALL DIA. (REE) 




(INNER RACE) 

23'OF BALL OIA. (REFJ 


1 


CAGE CLEARANCES (BALL POCKET) 

.020 TO .025 IN. 

0.51 TO O.GA mm 

i 


(GUIDING LAND) 

.003 TO .009 IN. 

0.08 TO 0.22 mm 



MATERIALS - 





PACES 

CEVM 440-C Rc 58-62 




BALLS 

CEVM 440-C RcGO-64 




CAGE 

GLASS FABRIC 





SUPPORTED TEFLON (aRMALON] 




CAGE WEB THICKNESS (AT PITCH DIAJ 

.156 IN. (REFJ 

3.36 mm 




а. IDENTIFY FACES 

7. BALLS SHAD BE AFBMA SRAOE S 

б. BEARING TOLERANCES NOT SHC^N SHALL BE PER ABEC 7. 

S. CLEAN & FV^CKAGE FOR LIQUID HYDROGEN SERVICE. (CLEAN & f 
4. the ARMALON cage SHALL MEET REQUIRMENTS OF RB0I3O-OU 
3. ONLY THE ITEM DESCRIBED ON THIS DWG WHEN PROCURED FR 
SUPPLIER LISTED, IS APPROVED BY ROCKETDYNE, CANOGA RiVRK, C 
IN THE APPLICATION SPECIFIED HEREON. A SUBSTITUTE ITEM SHA 
USED WITHOUT PRIOR TESTING 4 APPROVAL BY RaKETDYNF. 

2. THE ITEM SHALL BE DURABLY 4 LEGIBLY MARKED PER MIL-STD-I 
ADDITION THE ROCKETDYNE CONTRa WO NO. SHALL BE MARKED C 
I. MFG. SHAU PRE»\RE ANY NEW DWGS REQD 4 ASSIGN FART NO. f 
4 SHALL OBTAIN ROCKETDYNE ENCRNG. REVIEW OF PROPOSED CF 

nr::: — — 


fOLDOUT FRAWg \ 



HALL BE PER A3EC 7. 
rOROOEN SERVICE. (CLEAN & ORY) 
EQOIRMENTS OP RB0I3O-OI3 
IS 0VK6 WHEN PROCURED FROM THE 
ROCKETOYNE, CANOC'A R^RK, CALIF. FOR USE 
<EON. A SUBSTITUTE ITEM SHALL NOT BE 
VROVAL BY ROCKETOYNE. 

»IBLY MARKED PER MIL-STD-130. IN 
OWG NO. SHALL BE MARKED ON THE ITEM. 

’ REQO & ASSIGN R^RT NO. PER MIL-0- 1000 
N6. REVIEW OF PROPOSfeO CHANGES. 
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Figure 26. Bearing Design 
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withstand the bolt tension load in the Mark A8 LH 2 turbopump. The 
thicker inner race is also less prone to brittle fracture from tensile 
and thermal stresses. 

2. Ball Complement . A ball diameter of 4.7625 mm (0.1875 inch) was selected 
in preference to the off-the-shelf bearing size of 5.556 rm (0.21875 
inch) to reduce the centrifugal force and extend the fatigue life of the 
outer race. The number of balls was set at 10 to maintain a web thick- 
ness in the cage of over 3.81 mm (0.150 inch) to provide adequate wear 
life and cage strength. 

3. Race Radii. The race radii, which are expressed as curvature (percent 
of ball diameter) , were selected to obtain maximum fatigue life consis- 
tent with practical manufacturing limitations. The outer race conforms 
closely to the ball surface with a 52% curvature. Lower curvatures 
closer conformity) is avoided because excessive nonrolling action will 
occur in the ball- race contact. In addition, contact angle will vary 
rapidly for small changes in bearing Internal clearance due to manu- 
facturing tolerances, press fits, and thermal expansion. 

The bearing fatigue life is maximized if the lives of the inner and 
outer races are equal. Therefore, the inner race curvature of 53% 
was selected to balance the race lives. Use of a higher (less conform- 
ing) curvature on the inner race is a reversal of commercial practice 
for low-speed bearings. It was done here to maintain reasonable life, 
contact angle, and clearance for the overall bearing while maximizing 
the fagitue life of the outer race, which is adversely affected by ball 
centrifugal forces at high speeds. 

4. Race Shoulder Heights. The race shoulders were made deep enough to con- 
tain the ball contact "prints" at the contact stress-limited axial load. 
This configuration takes full advantage of the bearing's potential capa- 
city and at the same time does not excessively restrict the coolant flow 
area. 

5. Cage Dimensions. The cage is outer land guided, so its outer diameter 
is dictated by the outer race inner diameter (dependent on bearing pitch 
diameter, ball diameter, and shoulder, height) and adequate minimum 
clearance. Cage diametral clearance, 0.076 mm (0.003 inch) minimum at 
ambient temperature, is based on experience with larger cryogenic bear- 
ings and scaled to bearing size. The cage inner diameter was selected 
to maximize coolant flow area and to ensure that the ball equators 
would meet the cylindrical section of the ball pockets with a minimum 

of 0.254 mm (0.010 inch) margin. The ball is then prevented from "plow- 
ing under" the cage. The resulting diametral clearance between the cage 
inner diameter and the inner race outer diameter is 1.778 mm (0.070 inch) 
to 1.930 mm (0.076 inch), resulting in a minimum coolant flow area of 
86.6 mm2 (0.134 in. 2). The cage axial cross-sectional area is 170 mm^ 
(263 in. 2). To provide adequate cage wear- life and strength, the cage 
web thickness between the ball pockets was held to 3.81 mm (0.150 inch) 
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mlnlaum in selecting the number of balls (10). The resulting nominal 
cage web thickness at the pitch diameter Is 3.96 mm (0.156 Inch). 

The cage ball pocket clearance was made large, 0.51 to 0.64 mm (0.025 
inch) to permit ball position adjustments during operation without 
excessive cage forces. Adequate pocket clearance has been found to 
greatly reduce the amount of heat generated at the cage where radial 
loads or misalignments occur. 

6. Diametral Clearance. The specified diametral clearance as measured on 
an unmounted bearing was based on the value required for dynamic opera- 
tion with additional amounts to compensate for the expansion of the 
inner race due to press fit on the shaft and centrifugal expansion of 
the inner race at speed. 

7. Analysis. The selected bearing design was analyzed using a digital 
computer program that calculates forces, deflections, and stresses for 
each ball, and overall forces, deflections, and fatigue life of the 
individual races and the entire bearing. The spring preloads required 
for satisfactory operation of the bearing were calculated using an 
emprically developed relationship of ball size, speed, contact angle, 
and pitch diameter. The preloads required are 245 N (55 pounds) for 
the LOX pump bearing. 

In selecting the bearing design, a comparison was made of the effect 
on life of using the minimum bore diameter with the resulting bearing 
pitch diameter and required preload. Figure 27 presents the Bi (99% 
survival) life for a 19 mm bore and 20 mm bore bearing. The 20 mm size was 
selected to obtain a standard bore size as well as provide some margin 
on the shaft size. As can be seen in Fig. ^27 , no substantial benefit 
in life would have been achieved by using a 19 mm bore bearing. The 
10,472 rad/s (100,000 rpm) speed used in the Mark 48-F bearing analysis 
was later reduced to 9948 rad/s (95,000 rpm), but this change would not 
alter the results significantly. Figure 28 presents the selected design's 
fatigue life (shown here as Bio 90% survival life) as a function of 
axial load at the Mark 48-F speed of 9948 rad/s (95,000 rpm). The pre- 
load criterion resulted In a required axial load of 431 N (97 pounds) 
at this condition. For the LOX pump, Fig. 29 indicates the calculated 
life at the required preload of 245 N (55 pounds). 

Figure 30 presents the analytical values of radial stiffness (used in 
shaft dynamic analysis) as a function of axial load and speed. Radial 
stiffness affects shaft dynamic response and is affected by axial load; 
therefore, proper design and deflection control of the preload springs 
is Important. Figure 31 presents the effect of speed on the relative 
axial deflections for given axial loads. This relationship was used in 
specifying the thickness of the inner race spacers so that both the 
following will be achieved: 

1. Adequate preload at speed 
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Figure 27. Mark A8-F Bearing Bj Life 
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Figure 28. Mark 48-F Bearing Life 
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Compensation for the increased loading by speed effects, 
therefore avoiding unnecessary increase in axial load with 
attendant reduction in life. 


Seal Design 

Main Shaft Seal System. The oxidizer seal system is designed to contain the 
high-pressure LOX and turbine hot gas and maintain safe separation of the oxi- 
dizer and fuel-rich, hot-gas drain cavities. The seal system (Fig. 32 ) consists 
of a rotating sllnger containing pumping ribs upstream of the primary LOX seal 
to reduce the pressure from 1637 to 79 N/cm2 (2375 to 115 psla). The LOX is 
vaporized in the sllnger pumping region to reduce the seal leakage. The LOX seal 
leakage is drained overboard from the cavity formed by the primary and inter- 
mediate seals. 

2 

The intermediate seal is purged with gaseous helium at 35 K/cm (50 psla) to 
maintain a pressure barrier between the oxidizer and hot-gas drain cavities for 
safe separation of the combustible fluids. Approximately one-half of the purge 
gas leaks out through each side of the intermediate seal and mixes with the seal 
leakage for overboard drainage. 

2 

The high-pressure 1631 N/cm (2365 psla) turbine hot gas is contained with a 
double seal and a two-stage drain system. The primary turbine seal and over- 
board drain reduces the pressure to 41 N/cm^ (60 psla). The secondary turbine 
seal further teduces the pressure to 11 N/cm^ (16 psla) in the drain cavity 
formed by the Intermediate and turbine seals. 

The system allows failure of one seal at a time without the hot-gas pressure ex- 
ceeding the intermediate seal purge pressure. The seal drains are sized to 
accommodate the additional leakage of a failed seal without exceeding safe pres- 
sure levels. Table 6 presents a summary of the seal leakages and pressures for 
nominal and failed conditions. 

Turbine Bearing Seal System. A three-element seal with a high-pressure, 2410 N/ 
cm2 (3497 psla) hydrogen purge is utilized to contain the turbine hot gas and 
provide coolant to the turbine bearings (Fig. 33). The hydrogen purge provides 
a pressure barrier to prevent turbine hot gas from leaking into the bearing area. 
A portion of the purge leaks into the turbine area where ■? ': mixes with the hot 
gas. Ptfrt of the purge is vented through the turbine wheel for cooling. The 
remainder of the purge leaks through the two seal elements into the bearing 
area to provide bearing coolant. 

A bypass vent hole is provided in the seal housing to ensure sufficient bearing 
coolant flow in the event of low seal leakage. 

The three-element seal and purge system provides fall-safe operation in the event 
of one. seal failure at a time. A summary of the leakages and pressures for 
nominal and failed conditions is given in Table 7.. 
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TABLE 7. TURBINE BEARING SEAL LEAKAGE AND PRESSURE SUMMARY 

(METRIC UNITS) 



^Nominal: Radlai Clearance, (0.025mm) 

*’‘<rai1ed: Radial Clearance, (0.25 nn) 
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Detail Design ^ All of the sealing elements utilize a floating-ring, controlled- 
gap seal ring. The floating-ring element consists of an inner carbon or AmCerMet 
ring for wear resistance, and an outer Inconel X-750 ring for strength and ther- 
mal expansion/contraction control. The outer ring material is selected to pro- 
vide the same thermal expansion and contraction rate as the shaft material, so 
that a constant clearance gap is maintained as the temperature changes. The 
outer ring is sufficiently strong, relative to the inner ring, to control the 
diameter of the composite ring. The inner ring is maintained in compressive 
hoop stress with an interference fit. 

The load induced by unbalanced radial pressure (Fig. 34 ) is supported by the 
composite ring in compressive hron stress. The radial deflection caused by the 
compressive stress is proportional to ring rigidity. The radial section and 
modulus of elasticity are selected to minimize the deflection. The initial clear- 
ance is adjusted to allow for the deflection and provide the desired operating 
clearance. 


UNBALANCED 

RADIAL 

PRESSURE 

LOAD 



HIGH PRESSURE 






UNBALANCcO AXIAL 
PRESSURE LOAD 


Figure 3A. Pressure Forces on a Floating-Ring Seal 


The axial force induced by differential pressure (Fig, 34 ) loads the floating 
ring against the stationary housing to provide a static seal. A wave spring is 
provided to ensure sufficient contact load to maintain a static seal. The seal 
ring is partially pressure balanced by relieving the axial contact surface 
and minimizing the houslng-to-shaft clearance to reduce the unbalanced axial- 
pressure-induced load. The floating-ring element is restrained from rotation 
with two antirotation tangs that engage slots in the housing. 
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The seal ring clearance gap was established by first performing a thermal analy- 
sis to determine the temperature gradient in the turbopump shaft seal area. The 
shaft temperature distribution is shown on Fig. 43 (page 78) for the main shaft 
seals and on Fig. 47 (page 83) for the turbine bearing seal. 

A nlte-element stress analysis was performed using the temperature distribution 
and centrifugal loading to establish the shaft operating diameter. The seal 
ring design was established to maintain the require! operating clearance gap. 

The Inconel X-750 retaining band material has approximately the same thermal 
contraction and expansion rate as the Waspaloy and Inconel 718 shaft materials 
to minimize the gap change due to temperature. The seal ring insert materials 
were selected for wear resistance and fluid compatibility. The shaft seal 
materials are given in Table 8* 

The seal ring design was optimized by utilizing a computer program in which the 
temperature, pressure, materials, and overall dimensional data are input. The 
computer calculates the seal ring stresses and deflections for varying radial 
sections of the retaining band and Insert. The seal ring dimensions were then 
selected, consistent with the proper stress lavels, to provide the minimum 
change in clearance gap. The static ambient seal ring clearance gaps were 
established, consistent with the clearance differential, to provide the required 
operating clearance gaps. A summary of the seal ring stresses, deflections, and 
clearances is given in Table 9. 

Static Flange Seals. All static flange seals are of the pressure-sensitive metal 
spring type (Fig. 35). The seals were designed and fabricated for each specific 
application by Hydrodyne Division of Donaldson Co. , Inc. The base material was 
Inconel X-750 with a 0.0076 mm (0.0003 Inch) thick silver plating applied to 
Improve sealing effectiveness. 



Impeller Wear Rings. Internal recirculation of LOX around the Impeller front 
Is controlled by step labyrinth wear rings (Fig. 36). The nominal diametral 
clearance between the rotating member and stationary platform Is set at 0.15 mn 
(0.006 Inch). With this clearance, soae rubbing contact Is expected because of 
eccentricities and deflection. To moderate the effect of rubbing, a 0.25 mm 
(0.010 Inch) thick layer of silver plating Is applied to the stationary platforms. 
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TABLE 8. SHAFT SEAL MATERIAL SUMMARY 
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TABLE 9, SEAL RING STRESS, DEFLECTION AND CLEARANCE SUMMARY 

(METRIC UNITS) 
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Figure 36. Mark 48-0 Impeller Wear Ring 
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Rot or dynamics 

The critical speeds of the rotating assembly were calculated by the lumped para- 
meter method in which the rotor is simulated by a series of mass points whose 
spacing approximates the mass distribution of the actual hardware. The calculated 
mass oroperties of the rotating assembly are given in Table 10; a schematic of 
the rotordynamic model is shown in Fig. 37. 

The initial approach was to have all four bearings share in carrying the radial 
load. The predicted critical speeds for this configuration are indicated in 
Fig. 38. It is evident that the second critical speed falls essentially on the 
operating speed of 7330 rad/s (70,000 rpm) , which is not an acceptable condition. 
To resolve this problem, the radial constraint on the outboard pump bearing was 
removed. The critical speed prediction for this case is presented in Fig. 39. 
Since this configuration provides a satisfactory margin around the operating 
speed, it was accepted for the final design. The radial constraint is removed 
from the outboard pump bearing by making the bearing sleeve bore larger than the 
outer race diameter by 0.25 imn (0.010 inch). 

The mode shapes for the first, second, and third critical speeds as a function 
location along the length of the rotor are given in Fig. 40. 

Material Selection 


The materials selected for the more significant components of the Mark 48-0 
turbopump are indicated in Fig. 41. In Table 11 specifications and properties 
for these materials are summarized. 

Die principal criteria for choosing the materials in the pump were: strength 

and ductility at cryogenic temperature, LOX compatibility, resistance to corro- 
sion, thermal contraction coefficient, and ease of fabrication. 

The impeller, inlet housing, diffuser, and volute were all made of Inconel 718. 
Inccnel 718 is a nickel-base, precipitatxon-hardenable alloy which has both 
excellent strength and ductility at cryogenic temperatures. The same material 
was used for these four parts because it was desirable to have a common thermal 
coefficient to maintain control over critical radial and axial clearances. Silver 
plating was applied to the inlet housing in the inducer tunnel and on the impeller 
front wear ring labyrinth lands to permit light contact with the rotating parts 
in these areas with a minimum of local heating. For the same reason, the station- 
ary lands of the balance piston low- and high-pressure orifices were also plated 
with silver. 

K-monel, an age-hardenable, nickel-copper alloy, was selected as the inducer 
material because it has satisfactory strength, excellent ductility at cryogenic 
temperatures, and it has roughly twice the thermal conductivity of Inconel 718. 

The latter is a desirable quality because it tends to minimize local heat buildup 
in the event of rubbing. 
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TABLE 10. (Concluded) 
(ENGLISH UNITS) 


Joint 

Number 

(J) 

Hass Group 
Number 
(G) 

Distance 
Along A;<is 
(X) , inches 

Wet Mass (W) , 
pounds 

Diametral Hass 
Moment of 
Inertia (I q) , 

1b/in.2 

Polar Hass 
Moment of 
Inertia (Ip), 

lb/in.2 

1 

1 

1.20 

0.179 

0.0292 

0.0342 

2 

— 

1.80 




3 

— 

2.10 




4 

2 

2.40 

0.732 

0.260 

0.398 

5 

— 

2.82 





3 

3.28 

0,094 

0.0074 

0.0125 

7 

4 

3.58 

0.066 

0.0046 

0.0082 

8 

3 

3.92 

0.094 

0.0074 

0.0125 

9 

5 

4.37 

0.166 

0.0186 

0.0316 

10 

6 

4.80 

0.513 

0.1739 

0.3330 

11 

— 

5.20 




12 

7 

5.56 

0.356 

0.0648 

0.0841 

n 

— 

5.10 




)H 

8 

6.63 

0.380 

0.0715 

0.0731 

15 

8 

7.60 

0.380 

0.0715 

0.0731 

16 

9 

8.57 

2.262 

2.3588 

4.5856 

17 


9.00 




18 

10 

9.65 

0.429 

0.0992 

0.0834 

19 

— 

10.20 




20 

11 

10.60 

0.085 

0.0076 

0.0129 

21 

12 

10.90 

0.053 

0.0092 

0.0077 

22 

11 

11.25 

0.085 

0.0076 

0.0129 

23 

14 

11.70 

0.095 

0.0086 

0.0127 

24 

15 

12.75 

0.292 

0.0686 

0.0344 

Total 

6.25 
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Figure 37 . Rotor Stiffness and Mass Distribution Diagram 




























WiLE 11, MARK 48-0 TURBOPUMP MATERIAL PROPERTIES 

(METRIC UNITS) 
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Two alloys were in primacy contention for the rotor (Astroloy and Waspaloy) ; b 'th 
would have satisfied the structural requirements. The decision to use Waspaloy 
was based on procurement time and cost considerations. 


The high operating pressures and temperature dictated the use of Rene' 41 for 
the main structural walls of the turbine manifold. Rene' 41 is a double, vacuum- 
melted, precipitation-hardenable, nickel-base alloy. Although difficult to 
fabricate because of strain-age cracking in weld heat-affected zones, it has 
superior strength in the operating temperature zone of the Mark 48-0 turbine 
manifold. 


The turbine nozzle and the seal support section of the housing were made of 
Haynes 188 which is easier to fabricate, has adequate strength, and is unaffected 
by the heat fctiatment cycle to which the Rene'41 details have to be subjected 
after assembly welding. 

The main section of the rear bearing su\port, which is primarily In a cryogenic 
environment, was made of Inconel 718. However, the section which forms the tip 
seal over the rotor blades required a special consideration because of a need 
to minimize the blade tip clearance growth at the high operating temperatures. 

To accomplish this. Inconel 903, an iron-nickel-cobalt base alloy with excellent 
properties at the operating temperature and a very low thermal expansion coeffi- 
cient was selected. 


Heat Transfer Analysis 


Heat transfer calculations were made to establish the thermal conditions on those 
components that would be subject to high temperatures or thermal stresses. These 
included primarily the turbine wheel and turbine manifold; but calculations were 
also made to determine the critical diameters of the shafts in the dynamic seal 
areas during operation. 


The initial rotor configuration analyzed did 
not include coolant holes in the turbine disk. 
As a result, the downstream side of the disk 
was exposed to cold hydrogen coolant from 
the outboard seal purge; whereas, the upstream 
side of the disk was surrounded by hot gas. 
Analysis of this configuration indicated 
high axial thermal gradients, which led to 
unacceptable strains and deflections. To 
equalize the temperatures on either side 
of the disk, coolant bleed holes were added 
as shown in Fig. 42 . 

The steady-state thermal profile of the 
rotor with the coolant passages and a 
turbine gas temperature of 1060 K (1909 R) 
is shown in Fig. 43. An enlarged view of 
the disk thermal map is Included in Fig. 

44, The bulk of the disk operates at 



Figure 42, Mark 48-0 Turbine Wheal 
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Figure 44. Temperature Profile of Turbine Disk at 
Maximum Temperature 1061 K, (1909 R) 
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very low temperature; only at the rim does the temperature level increase to 
approach the gas temperature • The temperature of the turbine blades during 
steady-state conditions is equal to the gas temperature. 

Analysis of the turbine manifold included both transient and steady-state condi- 
tions. Because of idle-mode start planned for the Advanced Space Engine, the 
start transients did not impose any significant thermal gradients on the mani- 
fold. Steady-state thermal grandlents and resulting strains were also acceptable. 
In contrast, the cold-gas shutdown purge introduced severe transient thermal 
gradients that would have precluded meeting the 300 life cycle requirement with 
a safety factor of four. The shutdown temperature characteristics are illustrated 
in Fig. 45. To improve the situation, a 1.57 mm (0.062 inch) thick Inconel 903 
liner was included in the design, which acts as a thermal shield for the main 
structural walls during cutoff transients. The predicted temperatures (Fig. 46) 
are such that the 300 life cycles can be achieved with adequate safety margin. 

Figure 47 presents the results of the analysis relative to the thermal profile 
of tht aft-stud shaft in the area of the outboard seal. 
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Figure 45. ASE LO2 Turbine Manifold Shutdown Transient 
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Stress Analysis 
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A detailed structural analysis was conducted in accordance with established 
Rocketdyne procedures and the ground rules included in Appendix A . Detail Infor- 
mation is presented below on the most critical components. 

Impeller . A finite element model of impeller back plate was constructed and used 
to establish stress* strain, and deflection levels. Tu9. anal>sis was based on a 
maximum required operating speed cf 8063 rad/s (77,000 rpm) and the pressure load 
schedule show»n on Fig. 48. The basic sizing of the impeller was performed using 
the following cast Inconel 718 properties. 

F^y 69,000 N/cm2 (100,000 psi) 

Fj-u 82,700 N/cm^ ,120,000 ^si) 

Elong 5.5% 

This was to provide the flexibility of producing the impeller eithtr by cascing 
or machining from a wrought alloy. T’. e first two impellers were fabricated by the 
latter method; consequently, they have higher safety faccors by a ratio of 1. 6:1.0. 

Based on cast properties and a notch factor of 2.0, ^he burst speed was c-'lculoted 
at 10,000 rad/s (95,500 rpm), which establishes the allowable operating speed at 
8335 rad/s (79,600 rpm) using a 20% margin. The factor of safety on the spline 
was 3.83 based on shear ultimate. The factor of safety on th vane stresses was 
calculated at 1.93. The radial and tangential stress profile resulting from cen- 
trifugal effects on the backplate is plotted in Fig. 49, as a function of radial 
location. Figures 50 and 51 present effective stress profile and maximum effec- 
tive stresses resulting from combined centrifugal and pressure loads. The effec- 
tive strain profile from the combined loading is shown in F^g. 52; Fig. 53 shows 

the deformed structure of the impeller with radial and axial deflections indicated 
at the critical location of the balance piston high-pressure orifice lip. The 
Goodman diagram for the vanes, taking into account centrifugal and pressure ef- 
fects, is Included in Fig. 54. It shows that the calculated alternating scress 
of 1944 N/cffl2 (2820 psi), 30 percent of pressure loading, is far below the allow- 
able 6984 N/cm2 (10,000 psi) for a mean stress of 43,300 N/cm^ (62.0C0 psi). 

Inducer . The inducer blade stresses were computed by dividing the blade into a 
series of pie-shaped sactlons, loading each section with pressure and centrifugal 
forces, and talculatJag the measurements and stresses at the blade root. The com- 
puted stresses and lectors of safety were: 

I^et bending stress 9075 N/cm^ (13,164 psi) 

C«>ntrlfugal direct stress 5600 N/ciu2 ( 8,127 psi) 

Mf"n stress 14,675 N/cm2(21,291 psi) 

Alternating stress (30% of Pressure Rending) ■ 11,424 N/cm2 (16,571 psi) 

Factor of naiety on mean stress > 6.0 

Factor of safety on alternating stress ■ 2*0 
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Figur* SI* Maxlaini Bffsctlve Stress Under Centrlfugsl 
end Pressure Leeds 
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77,000 RPM 


Figure 52. Profile Plot of Effective Strains Impeller Back 
Plate for Maximum Centrifugal and Nominal 
Pressure Toads 





Figure 53* Redial and Axial Dlsplaceaants of Impallar Under 
Moalnal Preesure and Maxlmua Centrifugal Loada 
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Figure 54* Goodman Diagram, Oxidizer Impeller Vanes 
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A Goodman diagram for the Inducer blade (Fig. 55 ) shows that the calculated alter~ 
natlng stress of 11,424 N/cin2 (16,571 psi) is well below the allowable alternating 
stress of 23,800 N/cm2 (34,500 psi) at the mean stress of 14,675 N/cm^ (21,291 psi). 

Volute . To aid in establishing the structural characteristics of the volute a 
finite element model was made. The effective stress profile obtained from the 
computer run of the model is shown in Fig. 56. Strain levels in the structure 
are presented in Fig. 57. The deflections calculated at the critical locations 
(seal joints), assuming and unrestrained structure, are noted in Fig. 58. The 
factor of safe*'y on ultimate strength using cast Inconel 718 properties was 2.81. 

Turbine Wheel . The finite element model of the turbine disk used for heat transfer 
analysis was also utilized to calculate the stress and strain levels. Using a 
conservative assumption of 866 K (1100 F) for an ave.:age disk temperature and 
corresponding properties of 93,760 N/cm2 (136 ksi) for ultimate strength, 73,100 
N/cm^ (106 ksi) for yield strength and 15% elongation, the burst speed was calcu- 
lated at 10,158 rad/s (97,000 rpm). The maximum allowable operating speed, with 
a safety factor of 1.4 on the ultimate is 8587 rad/s (82,000 rpm). 

The radial and tangential stress levels as a function of radius are presented in 
Fig. 59. The effective strain profile is shown in Fig. 60 and 61 for the maximum 
and nominal gas temperature condition. Radial and axial deflections were estab- 
lished at the rim to permit prooer setting of assembly clearances. The rim de- 
flections are indicated in Fig. 62. The stress rupture life of the disk , as a 
function of temperature, is shown in Fig. 63; included in the curve is a safety 
factor of 1.4. Figure 64 is a modified Goodman diagram of the stresses in the 
turbine blades at a gas temperature of 1055 K (1900 R). It shows that the calcu- 
lated alternating stress of 2070 N/cm^ (3000 psi) is well below the allowable al- 
ternating stress of 8270 N/cm2 (12,000 psi) at a mean stress of 27,600 N/cm^ 

(40,000 psi). 

Turbine Manifold . The turbine manifold was analyzed for steady-state and tran- 
sient conditions using a finite element model (Fig. 65). Because of the type of 
idle mode start planned for the ASE, the start transients did not present struc- 
tural problems. The engine cutoff on the other hand is characterized by a cold 
hydrogen lag in the preburner, which Introduces severe thermal gradients in the 
manifold walls. To reduce these thermal gradients, a 1.57 mm (0.062 inch) thick 
Inconel 903 liner was Incorporated in the inlet torus. The strain profiles with 
the liner are ircluded in Fig. 66 for steady-state conditions and, Fig. 67 for 
cutoff. The maximum strain observed is 0.0037 for steady-state and 0.0058 for 
cutoff transient. 

The pressure-induced stress level in the manifold is 27,600 N/cm2 (40 ksi) 

with the resulting safety factor of 3.5 on pressure stresses. The steady-state 
effective stress profile, including thermal effects is shown in Fig. 68: the maxi- 
mum streos level is 64,000 N/cm^ (93 ksi). Similarly, the stress distribution 
under cutoff transients is shown in Fig. 69; the isaxlmum stress observed is 
68,100 N/cm2 (98.8 ksi), which results in a factor of safety of 1.4, based on a 
tensile ultimate of 96,500 N/cm^ (140 ksi). 
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Figure 55. L0« Inducer Blade Goodman Diagram 
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Figure 57* Finite Element Effective Streln in Pimp Volute 
(Ancient* Horst Case) 
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Flgute 59. Turbine Disk Radial and Tangential Stresses at 
1.1 X N Versus Radius 


97 




9 *.a«w*®5 

6 9.99X10"®* 


I 

\ 


B 6.87X10’®* 
M ^.6SXtO■®* 


C I-SUXIO"^ 
J $.31X10'“ 


0 8.01X10’“ 
K s;97X10"“ 


E 8.87X10’“ 
L e.lSKlO"^ 


F o.saxio’®* 

i 7.83X10’** 


RXI3 


Figure 60* 


Finite Element Effective Strain Profile of Turbine Shaft 
S/Dlek at Maximum Gaa Temperature 
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I . Figure 61. Finite Element Effective Strain Profile of Turbine 

i Shaft and Disk at Nominal Gas Temperature 



99 


i 





Figure 62. Oxidizer Turbine Nominal Temperature Rim 
Deflections 



11S0 










t I 


( 

I 



ft i.oexjo"®* 8 M.ioxio*®* c 7 .ue«io‘®* o i.oexjo*®^ e f uis.io'®* 

c a-oaxio"®* H 2 .i 4 «io*“ j a.Twio*®’ k 3.09x10*®® l h -i.Tioo®’ 


Figure 66* Finite -Element Effective Strain et Steedy-State Condltlona 

I 



104 




A 1.52X10*®^ 

G a.jsxio”®® 


6 6.23X10'®^ 
H 3.76XW®® 


C 1. 14X10"®® 
J 4.2SX10"®® 


0 1.6W10"®® 
K 4.80X10"®® 


E 2.19X10"®® 
I 5.35x10"®® 


F 2.71X10"®® 
H 5.S0X10"®® 


I . 8X15 


Figure 67* Finite 'Elenent Effective Strain in Turbine Manifold 
Due to Shutdown Transient 
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Figure 69* Finite -Element Effective Strei 
Due to Shutdown Transient 
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Gas Generator 


The gas generator was designed as a piece of special test equipment to provide 
the drive gas for turbopump testing. The requirements that are imposed to meet 
the basic Intent of such a facility Item were: (1) stable operation at all op- 

erating points, (2) repeatable high performance, (3) uniform exhaust gas temper- 
ature profile, (4) reliable Ignition, and (5) durability and long life. 

The gas generator design uses separate Injector and combustor assemblies which 
are attached with a bolted flange (Fig. 70). The Injector has five coaxial in- 
jection elements which are designed for stable operation, high-performance and 
complete mixing. The nominal operating parameters for the Injection elements are 
given in Table 12. Analysis of the element design, using the Rocketdyne steady- 
state combustion model. Indicated complete combustion within a distance of 3.5 
Inches from the Injector face (Fig. 71). The output from this model was also used 
to conduct a Prlem analysis to evaluate the sensitivity of the combustion process 
to transverse acoustic modes In the combustor. The results of this analysis In- 
dicated the gas generator will have stability superior to the J-2 and J-2S engines 
(higher A) , which exhibited dynamic stability to all but Intermediate size bombs 
(Fig. 72). The Injector element was also designed with adequate Injection pres- 
sure drop (P/Pc " 0.13) to isolate the gas generator from feed system coupled 
modes. 


TABLE 12. LOX TURBOPUMP GAS GENERATOR INJECTOR 
NOMINAL OPERATING PARAMETERS 


Nomenclature 

Si Units 

Engl ish Units 

Number of Coaxial Elements 

5 

5 

Number of Film Coolant Orifices 

20 

20 

Flowrate/Element* 

0.25 kg/s 

0.55 lb/ sec 

Oxidizer Injection Velocity 

22.6 m/s 

74 ft/sec 

Fuel Injection Velociky 

218.7 m/s 

7i8 ft/s 

Minimum Fuel Sleeve Gas 

3.68X1 O*** m 

0.0145 inch 

Number of Centering Devices/ 
Element 

4 

4 

*Film coolant floM=5t total weight flow 
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The inject j on elements are a self-contained design in which each element is built 
as a brazed assembly for individual calibration (Fig, 73), The elements have a 
recessed oxidizer post with four centering devices for positive alignment within 
the fuel sleeve. The element material is CRES 304L. 

The injector body is an all-welded assembly fabricated from CRES 347. The injec- 
tor elements and NARloy faceplate are brazed into the injector body. GRAYLOC 
fittings are used as propellant inlets to interface with the test facility. An 
envelope was retained in the center ofithe injector for use of the spark igniter. 

The combustor is an all-welded assembly of the combustor body, elbow, and transi- 
tion section. Added margin for complete mixing and a uniform exit temperature 
has been provided by using the elbow to induce circulation. The combustor is 
cooled by film coolant injected from orifices at the periphery of the injector. 

The film coolant temperature is shown in Fig. 74 as a function of the distance 
from the injector face. 

Acoustic absorbers were placed in *:he combustor wall, directly below the injector 
face, to provide added stability margin by damping acoustic modes in the combus- 
tor. A summary of acoustic absorber experience (Fig. 75) shows that the design 
open area of the gas generator acoustic absorber lies in a favorable position. 

A welded transition section was used between the gas generator and turbine mani- 
fold because analysis showed that the high temperature in this area would prohibit 
effecting a positive seal with a flanged joint. The joint is fabricated by weld- 
ing the Irtconel 625 transition piece to the Rene' 41 turbine manifold (Fig. 76). 
This weld is then heat treated. After the Inconel 625 gas generator transition 
piece is welded to the combustor elbow, the two transition pieces are joined with 
an electron beam weld. Tt 2 gas generator transition piece has a liner section 
which extends over the transition piece welded to the turbine manifold. This 
forms a thermal barrier which ensures that the life of protected transition piece 
is consistent with that of the turbine manifold. The design of the transition 
section allows the gas generator to be removed and rewelded to the turbine mani- 
fold without harming the heat treat or weld between Rene' 41 an'i Inconel 625 since 
the rework can be made in the protected Inconel 625 transition pieces. 

Ignition of the gas generator was to be accomplished using pyrotechnic igniters 
similar to the Rocketdyne part number 651876 igniter extensively used for J-2 gas 
generator and turbopump development testing. Two pyrotechnic igniter ports were 
originally provided in the combustor. The subsequent development of a spark 
torch Igniter under company funding, based on prior work conducted under NASA- 
Lewis Research Center direction, obviated the necessity of utilizing the pyro- 
technic igniters. 
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Figure 76. Turbopump Co Gas Generator Transition Joint 
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Component Fabrication 

The methods employed in fabricating the major components of the LOX turbopump are 
discussed in the following paragraphs. 

Inducer . The inducer blades were machined from K-monel bar by pantographing. No 
difficulties were encountered in its fabrication. Figure 77 shows the completed 
inducers . 

Impeller . The impeller internal flow passages were generated by electrical dis- 
charge machining. Electrodes were introduced from the inlet as well as the dis- 
charge side to form the blade surfaces. Some difficulty was experienced in obtain- 
ing a smooth transition between the inlet and discharge, in the area where the 
leading edge of the partial blade is located. The difficulty was presented by a 
combination of small passage width (3.B1 mm, 0.15 inch) and small blade angle at 
the discharge (0.49 rad, 28 degrees) and large blade wrap angle (2.65 rad, 152 
degrees). One set of impellers were scrapped because of discontinuity in the 
passages as a result of a machine indexing error. The delivered impellers were 
accepted only after several hand rework operations were performed to obtain a 
smooth transition. 

Diffuser . The diffuser was machined from an Inconel 718 forging by conventional 
methods with the exception of the vane surfaces which were generated by electrical 
discharge machining. No difficulties were encountered in fabricating this part. 

Volute ♦ Because of the contoured surfaces Included in the volute, it was morl 
econoTi.. :al to produce it by casting. The investment casting technique yielded an 
excellent quality part from the standpoint of conformance to drawing dimensions 
and surface finishes in the flow passage. The unmachined castings are shown in 
Fig. 78. 

Turbine Manifold and Housing . The fabrication process of the housing is illus- 
trated with a series of photographs in Fig. 79. It was the most costly of the 
LOX turbopump parts, and it required the longest time to complete. 

The housing (Fig. 79A) was machined from a Haynes 188 forging. Intersecting 
holes were drilled of electrical discharge machined and capped by welded plates 
to provide drain ports for the primary hot-gas seal, secondary hot-gas seal, and 
primary LOX seal, as well as purge passage for the intermediate seal. In addition, 
six instrumentation ports and passages were Incorporated. 

The nozzle (Fig. 79B) was also fabricated from Haynes 188 forging, with the flow 
passages generated by electrical discharge machining. The throat area of one of 
tb<> two nozzles fabricated was 5Z over the nominal required per blueprint. It 
was estimated that this would degrade the efficiency of the turbine 2.7% but would 
reduce the engine chamber pressure only 0.165 x 10^ N/m^ (24 psi). The deviation 
was accepted. 
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Figure 77. Mark 48-0 Inducers 







( 0 ) 


FOLDOUt FRAME \ 







To maintain thermal gradients at cutoff at an acceptable level, the liner shown 
in Fig. 79D was formed from Incoloy 903, and the liner details were joined by 
welding. Metal-to-metal contact between the liner and the manifold was limited 
by chem milling 0.13 mm (0.005 inch) from part of the outer surface of the liner 
leaving only high spots to contact. 

The main structural details of the -<ianlfold were machined from Rene* 41 and Joined 
by welding. The two principal details are shown in Fig. 79C with the inlet trans- 
ition welded to ;iach cylindrical half. Hastelloy was used as the principal weld 
filler metal, but an Incoloy 88 weld overlay was applied on the inside surface of 
each Rine' 41 joint to minimize hydrogen environment eiid>rlttlement. An example 
of the weld overlay is shown in. Fig. 79B for the closeout weld that joined the 
two manifold halves. Figure 79F through 791 show the housing and manifold in 
successive stages of assend>ly. Difficulties were encountered in obtaining sound 
welds %ihere the inlet and discharge transitions were attached to the manifold 
halves, primarily because varying material thlckness'^s and dlfficult-to-fit coni- 
cal welds were involved. Repeated grlndouts and %reld repairs were made before 
penetrant and radiographic Inspection criteria could be satisfied. On future 
parts, it is recommended that these transitions be machined 'integral with the 
manifold halves. 

Rotor. The rotor (Fig. 80) %rtth th<; pump inlet, volute, diffuser, and inducer, 
was machined as an Integral piece from Waspalloy forging. The unshrouded blades 
were generated by electrical discharge machining, plunging radically Inward 
with an electrode plate which formed both sides of the blade concurrently. The 
electrical discharge machining setup is Illustrated in Fig. 81. 

Rear Bearing Support . The rear bearing support was a welded assembly, with the 
main support machined from Inconel 718 and the discharge gas straightening vanes 
from Inconel 903. Copper plating and Incoloy 88 weld overlay was applied to the 
transition ring that supports the straightening vanes, since this area is poten- 
tially subject to hydrogen environment embrittlement factors such as high strain 
and high-pressure hydrogen at close to ambient temperature. 

Turbopump Assembly 

Rotor Balance . The Mark 48-0 rotor operates at a maximum speed of 8063 rad/s 
(77,000 rpm); as a result, a high degree of precision in its balancing is impera- 
tive. A Gisholt dynamic balance machine with a capability for detecting 6 x 10"^ 
nm (25 pinch) radial motion was used. For the Mark 48-0 rotor m .ss of 2.84 kg 
(6.25 pounds) this translates into machine accuracy limit of 0.^8 gm cm (0.07 gm 
inch), which would cause a radial load of 98 N (22 pounds) at the design speed of 
7330 rad/s (70,000 rpm). The rotor was supported in the balance cradle by two 
pairs of turbopump bearings, each pair axially preloaded in the bearing cartridge 
exactly as in the turbopump assembly (Fig. 82), Balancing was initiated using 
the main rotor and the rear stub shaft assead>ly, and wax cotrectlons were made in 
the plane of the turbine wheel and the stub shaft. 
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Figure 81. Mark 48-0 Turbine Rotor Blade Zlectrlc Discharge 
Machining 
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Subsequently, the slinger, impeller, inducer, and instrumentation sleeves were 
added, making wax correction in the plane of each component before the next part 
was added. After the wax corrections were completed, several repeatability checks 
were mc-^de in which the rotor was disassembled and reassembled, and the change in 
residual imbalance was established and the runouts at several stations were meas- 
ured. Satisfactory repeatability was obtained in the amounts of imbalance as well 
as the runouts of the parts. The final runout values are shown in Fig. 83. Subse- 
quently, the permanent balance of the rotor was effected by grinding material in 
designated areas of the component parts. 

Turbopump Buildup . The buildup of the turbopump was accomplished in the following 
sequence: 


1. All components were cleaned for LOX service. 

2. Front and rear bearing inner race spacer thicknesses were established 
to provide the desired bearing preloads. The final preload character- 
istics obtained are shown in Fig. 84 and 85. 

3. The slinger hub thickness was adjusted to obtain *3.175 mm (0.125 inch) 
turbine nozzle to rotor blade axial clearance. 

A, Diametral clearances and fits of critical mating parts were established. 
The measured values are shown in Fig. 86 through 89. 

5. Di -tensions were taken to determine the impeller position when bottomed 
axially on the stationary parts. This was required to establish mini- 
mum operational clearances. 

6. Measurements were taken to determine the slinger and turbine wheel 
bottomed positions. 

7. Measurements were taken to establish the relative positions of the balance 
piston stationary and rotating orifice features to facilitate measuring 
bearing axial loads as a function of balance piston position. 

8. Rotor push/pull tests were performed with a dummpy shaft to establish 
the bearing loads as a function of balance piston position. Shim thick- 
nesses at the front bearing cartridge were adjusted until the satisfac- 
tory characteristics shown in Fig. 90 were obtained. 

9. Final assembly was initiated by installing into the main housing the 
intermediate and primary LOX seals, slinger, and the rotor subassembly 
consisting of the rotor, stub shaft, and stud. 

10. The rear bearing seal was Installed in the rear bearing support, and the 
created subassembly was installed on the housing. 

11. The rear bearing cartridge subassembly was added. 

12. The diffuser subassembly including the front bearing package and the 
volute were added to the pump end of the housing. 

13. The impeller and impeller nut were installed. 

lA. Measu^'ements were taken to establish the impeller, slinger, and turbine 
wheel a" Lai clearances. 
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Figure 86. Mark 48-0 Turbopump S/N 01>0 Pump Diametral Clearances 
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TOWARD TURBINE 









15. Bearing preloads as a function of balance piston position were verified. 

16. The Inducer was Installed. 

17. The instrumentation sleeve rear cover, three Bently proximity indicators, 
speed and temperature probes were Installed. 

18. The shaft seals and external flanges were checked for leakage rates. 

The measured values are shown in Table 13. 

19. The shaft torque was measured. It ranged between 3.5 and 10.6 N cm 
(5 and 15 in-oz). 

20. The turbopump was weighed. The total weight was 54.5 kg (120 pounds), 
including gas generator body and auxiliary gear drive features. 

TABLE 13. MARK 48-0 TURBOPUMP S/N Ol-OA SHAFT SEAL 


LEAK CHECK RESULTS 

Pressurizing Medium: Gaseous Helium 

2 

Pressure Levei ■ 21 N/cm (30 psig) 


Seal 

Flow \ 

7 

m'/sec 

scfm 

Primary LOX 

0.012 

2.4 

intermediate 



Pump Side 

0.015 

3 

Turbine Side 

0.030 

6 

Primary Hot Gas 



Primary Drain Open Only 

0.02k 

4.8 

Secondary Drain Open Only 

0.018 

3.5 

Outboard Seal 



Turbine Side 

0.020 

4.0 

Outboard Side 

0.019 1 

1 3.8 


The assembled turbopump was installed on a support fixture, as illustrated in Fig. 

91 and 92. Mounting was accomplished by two brackets attached to the volute flange, 
each of which provided support in the axial, vertical, and lateral direction. Addi- 
tional vertical stabilization was provided by a ball Joint support attached to the 
rear bearing carrier flange. 
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91. Mark 48-0 Turbopump 
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TESTING 


Gas Generator Testing 

In conjunction with the hot-streak/et oslon problem encountered with the LH 2 turbo- 
pump gas generator combustor, the two LO 2 turbopump gas generator injectors wore 
dimensionally inspected and water-flowed to evaluate impingement patterns and 
coaxial-element, quantitative-flow distributions During th*=^ hydrogen- side, water- 
flow tests on both injectors, leaks were observed between the fuel sleeves and the 
injector-face material. A microscopic inspection of the braze joints in the 
affected areas revealed voids in the braze material. Both injectors were rebrazed 
successfully at Rocketdyne. A vacuum xeak check of the oxidizer manifold showed 
no evidence of interpropellant leak patha within the internal LO 2 posts/injector 
joints. Figure 93 shows the resulcs the initial water-flow tests showing the 
leakage areas. (Note: The out^ r 10 elements of the injector are plugged since 

the same injector pattern is ufed for the LH 2 turbopump gas generator injector.) 
Table 14 presents the dimensional inspection results on injector P/N RS005024E-161, 
Units 1 and 2, while Tables 15 and 16 presents the results of the water-f2ow tests 
after the rebraze cycle. Prior to the water-flow tests on each injector, the LO 2 
posts were mechanically aligned with special fixtures. Subsequent to the water- 
flow tests, the posts were checked to ensure correct alignment. 

Prior to the initial hot-fire test of the LO 2 turbopump gas generator, an LH 2 
blowdown through the hardware was conducted to verify the analytical main .fuel 
valve manual set-point position calculation during the hydrogen lead sequence of 
the tert. The analytical calculations agreed closely to the cryogenic blowdora 
data. A manual set-point position of 16.5% open was selected for the main fuel 
va^ '0 (compared to 57% open for the LH 2 turbopump gas generator tests). 

Table 17 presents an overall test summary of the LO 2 turbopump gas generator devel- 
opment testing, while a more detailed discussion of various aspects of the program 
is included below. 

Propellant Servov a lve Operation . The performance of the gas generator depends on 
a closed-loop pressure fuel back signal using propellant injection pressures as 
the control parameter. The hydrogen and oxygea servovalve injection set pressures 
are predetermined based on the required performance level and the hydraulic resist^ 
ance of the individual injector system. The gas generator performar .e is balanced 
to achieve the desired flowrates through the injector by thi use of a Rocketdyne- 
prepar id GE-Timeshare computer program (REGAL 2). This information is translated 
into s »rvo valve controller settings, which are manually set prior to the test. 

Test..: 016-030 and -031 failed to achieve main propellant ignition because of the 
system characteristics of both the gas generator injector and the facility LO 2 
servovalve controller. The objective of these tests was tJ demonstrate the igni- 
tion transition characteristics of the T.O 2 turbopump injector. The test sequence 




TABLE 14. INJECTOR INSPECTION RESULTf 
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TABLE 14. (Concluded) 
(ENGLISH UNITS) 































TABLE 15. LO 2 TURBOPUMP INJECTOR, P/N RS005024, U/N 

(METRIC UNITS) 
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TABLE 17. LO 2 TURBOPUMP GAS GENERATOR TEST HISTORY 
INJICTOR, P/N RS005024E-161, U/N 2 





Test 

Accumulated 


Test 
Numbe r 

Test Dete 

Objective 

Ourat ion, 
seconds 

Te->ts 

Duration 

seconds 

Remarks 

016*030 

10-7-75 

Hein Propel lent 
Ignition (HPl) 

0.0 

1 

0.0 

Igniter stage OK. Hainstage (H/S) not achieved 
due to servovalve system response. 

016-031 

10-7-75 

HPI 

0.0 

2 

0.0 

Hainstage not achieved. Cutoff Initiated at 
time HLV started to open. Sequencing for next 
test modified. 

016-032 

10-9-75 

HPl 

0.32 

3 

0.32 

Objective athieved* 

016-033 

10-9-75 

Helnstege 

Trensition 

2.0 

4 

2.32 

Objective achieved. 

016’ 03^ 

10-14-75 

Ha i ns tege- Injector 

Resistance 

Verification 

2.0 

5 

4.32 

Objective achieved. 

016-035 

n-6-75 

Ha instage 
Performance 

0.0 

6 

4.32 

Fuel injector temperafure continue gate cutoff - 
safety sequence problem. 

016-036 

11-7-75 

Ha instage 
Performance 

2.0 

7 

6.32 

Objective achieved. 

016-037 

n-7-75 

Ha instage 
Performance 

5.0 

8 

11.32 

Objective achieved. 

016-038 

H-7-75 

Ha Instage | 

Performance 

0.0 

9 

11.32 

Ignition detect cutoff - spark probleir 

016-039 

11-9-75 

Ha instage 
Performance 

5.0 

10 

16.32 

Objective achieved. 

016-040 

11-11-75 

Ha instage 
Ourat ion 

0.0 

11 

16.32 

Ignition detect cutoff - spark problem. 

016-041 

ll-n-75 

Ha instage 
Duration 

0.0 

1 

1 

1 

16.32 

Ignition detect cutoff - spark problem. 

016-042 

11-11-75 

Hainstage 

Duration 

15.0 

1 

13 

31.32 

; Objective achieved. 

016-043 

11-11-75 

Hainstage 

Duration 

0.0 

14 

31.32 

Ignition detect cutoff - spark problem. 

016-044 

11-12-75 

Hainstage 

Duration 

0.0 

15 

31.32 

Ignition detect cutoff - spark problem. 

016-046 

12-4-75 

Hainstage 
Durat ion 

33.0 

16 

64.32 

Premature cutoff at 33 seconds malnstage due to 
an erroneously high chamber pressure auto-cut- 
off. An intermittent short in an instrumenta- 
tion power supply cable caused spike in chamber 
pressure transducer output signal. Gas generator 
performance satisfactory. 




1 



I 




i 


times were based on the successful test sequencing demonstrated during the testing 
of the LH 2 turbopump gas generator. In the case of the LO 2 turbopump gas generator, 
two phenomena occurred: 


1. The hydrogen lead flow was about one-half that of the LH2 gas generator 
and required a significantly longer period during the fuel lead sequence 
for the fuel injection temperature to decay below 88.89 K (-300 F) , which 
is a control gate to permit the main LO 2 valve to open, and 

2. Since the hydraulic resistance of the LO 2 side of the injector was higher 
than the LH 2 turbopump gas generator LO 2 injector, the same injection 
purge lockup pressure of 1268 N/cm^ (1850 psig) resulted in a LO 2 injec- 
tion pressure (during fuel lead) of about 762 N/cm^ (1113 psig) . As a 
result, the actual opening of the main LO 2 servovalve was delayed, and 
the tests were terminated when the mainstage duration timer expired. 
Basically, the problem can be attributed to a lack of sequence character- 
ization experience with the LO 2 turbopump gas generator system as well 

as the required short mainstage duration. Figure 9A depicts the LO 2 
servovalve system operation for the LH 2 turbopump gas generator, while 
Fig. 95 shows the empirically observed results of tests 016-030 and -031. 
Note the difference in the control delay time between Fig. 9A and 95 . 

An open-control enable signal is given to the LO 2 valve system, but the 
actual start of servosystem operation is delayed until the fuel injection 
temperature drops below 88.89 K (-300 F) . The LO 2 turbopump gas genera- 
tor hydrogen injection priming takes about 0.2 second longer due to the 
reduced flowrate. The LO 2 servovalve controller system was designed with 
a control pressure ramp time of about 2.0 seconds to reach the desired 
set pressure; therefore, the pressure ramp rates vary depending on the 
level of the injection set pressure. That is, buildup may be expected 
to increase with higher LO 2 injection set pressures (higher required 
chamber pressures, or increased hydraulic resistance of the injector). 
Since the controller feedback control was based on monitoring LO 2 injec- 
tion pressure, no opening command of the main LO 2 valve is signalled by 
the controller system because of the existing LO 2 injection pressure, 
which is the result of injector purging durl-^g the hydrogen-lead phase. 
Once the controller system Internal set ramp rate pressure exceeds the 
actual monitored LO 2 injection pressure, the uiain LO 2 valve starts to 
open to maintain the required LO 2 injection pressure. Main propellant 
ignition is normally experienced about '0.35 second after opening of the 
main LO 2 valve. Pretest calculations had shown that the 1267 N/cm^ 

(1850 pslg) LO 2 system purge lockup pressure was necessary to maintain 
an acceptable gas generator mixture ratio during LO 2 feed line LO 2 expul- 
sion at cutoff. Actual LO 2 feed line LO 2 expulsion time was 3 seconds 
as compared with 1 second for the LH 2 turbopump gas generator. 

Although tests 016-030 and -031 did not achieve main propellant ignition, signifi- 
cant data were obtained to characterize the LO 2 turbopump gas generator sequencing 
control. Adjustment of the starting sequences from tests 016-030 and -031 was 
successful in achieving the first main propellant Ignition test of the LO 2 turbo- 
pump gas generator. A main chamber pressure of about 2068 N/cm^ (3000 pslg) 
was obtained for a mainstage duration of 0.32 second. A posttest inspection of 
the injector and combustor revealed no damage. 
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Figure 94. LH^ Turbopump Gas Generator Injector, P/N RS005024E, U/N 3M, Test 016-029 


VALVE STARTS 



Figure 95. LO. Turbopump Gas Generator Injector, RS005024E-161, U/N 2, Test 016-031 
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Combustor Exit Plane Temperature Profile . During testing of the LH 2 turbopump 
gas generator, a large thermal gradient, wall to gas core, existed at the combus- 
tor exit plane. Eight thermocouples were used during that period and recorded 
temperature gradients of about 278 K (500 R) . A modification to the combustor 
(90-degree meter bend) solved the problem by enhancing the mixing of the gas pro- 
ducts prior to exiting the combustor. The LO 2 turbopump gas generator combustor 
was fabricated very close to the geometry of the initially designed LH 2 turbopump ' 

combustor. The major difference existed in the chamber characteristic length, L*, 
which increased as a function of the exit nozzle area change, or about 2.2 times 
the LH2 turbopump gas generator combustor L*. It was concluded that the LO 2 tur- 
bopump gas generator combustor would be tested in the as-fabricated condition to 
observe the actual thermal gradient during hot fire before any modification, siml- * 

lar to the LH 2 turbopump gas generator combustor, could be considered. Four exit *“ 

plane thermocouples (chromel-alumel) were inserted in the thermocouple exit ring 
at various insertion depths: 0.175, 0.196, 0.425, and 0.575 inch. In addition, 

prior to the last test (016-048) , eight external-skin thermocouples were attached 
to the combustor exit to obtain best transfer information on the long test as well 
as providing additional redllnes as a safety precaution during the long test. 

Figure 96 presents a schematic of the gas generator combustor locating the external 
and internal thermocouples. Table 18 presents the results of the exit plane tem- 
perature study fof all mainstage tests conducted during this phase of testing. 

Only one data slice is shown, but the data are representative of the entire applic- 
able test. 

Prior to test 016-048, eight thermocouples were attached to the combustor outer 
wall as previously discussed (Fig. 96). Five of the upper combustion zone skin 
thermocouples were monitored as redlines 1033 K (1860 R maximum) to ensure ade- 
quate safety precautions for the projected long-duratior test. Previous calcu- 
lations had indicated that the gas wall temperature and outsid ; wall temperature 
would reach thermal equilibrium in about 100 seconds of mainstage duration. Figure 
97 shows skin temperature No. 3, the maximum observed temperature for the eight 
locations versus the test time base. Figures 98 and 99 present graphs of the 
combustion gas temperatire and chamber pressure versus the test time base for 
test 016-048. Figure 100 shows the gas geneiatcr inscallatlon prior to test 016- 
''48, indicating the locations of the skin thermocouples. Figure 101 shows the 
ondltion of the combustor with the injector removed. No erosion or other damage 
..o either the combustor or injector was noted. 

Throughout the test program, a uniform gas temperature (minimum thermal gradient) 
had been recorded across the gas generator exit plane. The average temperature 
variation of the four-thermocouple measureme.it was about 20 K (36 R), or about 
2% of the operating temperature. Since the gas generator combustor unit will 
provide the required hot-gas temperature with a minimum thermal gradient and a 
sufficient thermal margin in the hardware, it is concluded that the existing LO 2 
turbopump gas generator injector and combustor design is acceptable for use with 
the LO 2 turbopump testing. 

Performance Results . A total of 16 tests were conducted on the LO 2 turbopump 
gas generator using a five-element coaxial design injector, P/N RS005024, Unit 
No. 2. Seven of those tests achieved mainstage of sufficient duration to obtain 
performance characteristics of the system. Table 19 presents a summary of the , 
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Figure 96. LO 2 Turbopump Gas Generator 
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TABLE 18. LO 2 TURBOPUMP GAS GENERATOR COMBUSTOR TEMPERATURE STUDY 

(Metric ’.Slits) 


( 

( 


Test 

No. 

Test 

Du rat ion, 
seconds 

Pc 

H/ait 

Total 

GG 

Flow' ate, 
k^/sec 

Overal 1 
GG 

.’fixture 
Rat io 

Average 
Ha instage 
Combustor Exit 
Temperature, 

K 

1 

Exit Temperature I 
Variation 1 

(4 Hcasurements) , 

K 

m 

0.32 



SHORT FOR 1 




1 uu 



msm 

2.0 

2097 

I.it56 

0.713 

jkk 

19 

oie-osii 

2.0 

223k 

to 

1.1^ 

1030 

52 

016-036 

2.0 

2275 

1.418 

0 , 75 ; 

800 

17 

0)6-037 

5.0 

2279 

1.‘(31 

0.759 

795 

24 

016-039 

5.0 

2316 

1.466 

0.777 

808 

13 


15.0 

2309 

1.383 

00 

GO 

CO 

d 

924 

8 

0l6-0<i8 

33.0 

23 O 6 

1.370 

1.023 

1077 

7 






i. 
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r 


(Eng^lish Units) 


Test 

No. 

Test 

Duration. 

seconds 

Pc, 

psia 

Total 

GG 

Fir/wrate, 

Ib/sec 

Overal 1 
GG 

Hixture 

Ratio 

Average 
Ha Instage 
Combustor Exit 
Temperature, 

R 

Fxit Temperature 
Variation 
(4 Heasu remen ts), 
R 

016-032 

0.32 


— — TC 

0 :hort for 

PERFORMANCE — 


016-033 

2.0 

3042 

3 . 20 s 

0.713 

1340 

34 

016-034 

2.0 

3240 

2.749 

M9 

1854 

94 

016-036 

2.0 

3300 

3.127 

0 . 75 : 

1441 

31 

016-037 

5.0 

3309 

3.154 

0.759 

1431 

44 

016-039 

5 0 

3359 

3.231 

0.777 

1455 

23 

016-042 

15.0 

3349 

3.050 

0.868 

1663 

15 

016-048 

33.0 

3345 

3.021 

1.023 

1938 

13 
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malnstage performance obtained during the gas generator testing phase (1975). 
Also Included in Table 20 is the gas generator performance during the hot-fire 
testing of the Mark 48 oxidizer turbopump (1976) . 


As discussed earlier, the performan e level ot the gas generator is balanced using 
a GE-computer program (REGAL 2), which uses as input parameters, the LO 2 and hydro- 
gen Injector hydraulic resistances, required chamber pressure, flowrate, and mix- 
ture ratio. The control function used to obtain the required performance is the 
applicable system injection pressure, which is obtained by the use of servocontrol 
valves in a closed-loop mode. Figure 102 is an injector performance map for LO 2 
turbopump injector, P/N RS005024, Unit 2, in the region near the design level, 
vntlle testing the turbopump, a variation from the design level was necessary due 
to the off-nominal turbine pressure ratio; however, the off-nominal conditions 
proved to be no problem in the recalibration procedure. 



LO 2 Injector Unit 2 Performance Map 


Figure 102. 
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Turbine Calibration 


Calibration of the Mark 48-F turbine to establish Its aerotherroodynamlc performance 
was accomplished with ambient-temperature GN 2 as the propellant. The rotor speeds 
were maintained In tho range of 523 to 1885 rad/s (5Q00 to 18,000 rpm) to simulate 
the operational wheel tip speed/gas spouting velocity ratios (U/C^). 

The basic test setup Is Illustrated in Fig. 103. Power developed by the turbine 
was absorbed by a Mark 4 pump which recirculated water from a reservoir. A La’oow 
In-line torquemeter was Installed between the turbine and the power-absorbing pump 
to indicate the torque developed by the turbine. 

Prior to assembly, the turbopump rotor was balanced dynamically. The radial run- 
outs on the significant rotor diameters were measured, and are noted in Fig. 104. 
Similarly, measurements were taken to establish the critical internal radial and 
axial clearances, and are presented in F.> 105. Figure 106 shows the assembled 

turbine calibration unit. 

The testing was performed at Wyle Laboratory, F.l Segundo, California, during the 
period 4 through 9 February 1976. The installation of the test unit in the 
facility is illustrated in Fig. 107 and 108. 

A total of 11 tests were made, with GN? working fluid, at velocity ratio (p/Cq, 
total to static) ranging from 0.115 to 0.606, and turbine speeds from 523 to 
1885 rad/s (5000 to 18,000 rpm). A tabulation of turbine test data appears in 
Table 20, and a plot of turbine test efficiency is shown in Fig. 109. Turbine 
efficiency wgj calculated with Lebow torquemeter torque and Isentroplc available 
e..ergy (total to-statlc) across the turbine. At a design velocity ratio of 0.343, 
the turbine total-to-statlc measured efficiency was 51% compared with a predicted 
value of 59.8%. Calculations show that with the measured performance the press re 
ratio of the turbine would have to be increased from the design value of 1.424 to 
1.54 to generate the required power level. 

The combination of low-pressure ratio (1.42) and low arc of admission (28.5% of 
circumference) places this turbine in an operating region in which turbine techno- 
logy has not been developed. Potential Improvement in the performance may be 
realized by increasing the number of active nozzle passages and reducing the 
throat width to obtain the required total throat area. Depending on the engine 
installation. Improvements in the exhaust manifolding may be possible to minimize 
the pressure losses charged to the turbine. 
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Figure 104- hark 48-0 Turbine Calibration Assembly Runouts 
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figure 107. Mark 48>0 Turbine Calibration Installation 
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TABLE 20. MARK 48i-0 TURBINE TEST DATA 


















TURBINE EFFICIENCY, V 7 [t-S] 


I 


• SINGLE ROW, PARTIAL ADMISSION 

• ACTIVE ARC = 28 . 5 ^, 103 DEGREES 


• TURBINE PITCH DIAMETER, D^^ = l».70 IN. 

• WORKING FLUID - GASEOUS NITROGEN 


O 002 

□ 003 • testing - WYLE LABORATORIES 

O 00^1 EL SEGUNDO, CALIF. 


V 005 
o 007 

O 003 



Figure 109. Mark 48-0 Turbine Performance 
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Turbopump Testing 

Test Discussion : Testing of Mark A8-0 turbopump P/N RS009820E, S/N 01-0, began 

in the Lima test stand of the Rocketdyne Propulsion Research Area (PRA) on 9 July 
1976 and was concluded on 11 August 1976* A total of 18 turbopump tests for an 
accumulated duration of 266.8 seconds was accomplished on the turbopump assembly. 
The test effort was divided into two main categories: Performance mapping, using 

GH2 as turbine drive media, with LN2 and LO2 as the pumped fluid; and integrity 
testing, using a LO2/LH2 gas generator as the turbine drive gas media, with LO2 
as the pumped fluid. Gas generator injector P/N RS005024-131, S/N 2, a coaxial 
five-element design, was used during the hot-fire testing. 

Facility propellant supply and discharge systems are shown schematically in Fig. 110 
(GH2 turbine drive system) and Fig. Ill (gas generator turbine drive system) . 

Figures 112 through 115 show the turbopump assembly in various views installed in 
the test stand during the initial LN2 testing phase. After the third test (016- 
013), blast protection screens were added because of the amount and proximity 
of the two propellant combinations (LO2/LH2). Figures 116 and 117 show the pro- 
tective blast screen Installed as a precautionary measure in case of hardware 
failure during the LO2 pumping test phase. Figure 118 shows the pretest chill 
conditioning during the hot-gas testing phase, with gas generator injector (LO2 
unit 2) installed. 


Table 21 presents a summary of the turbopump test program accomplished while a 
more detailed discussion of the individual tests is presented below. 


Test No. 1: 
Test Date: 
Duration: 


(016-011) 
7-9-76 
30 seconds 


Objecti'^e: Checkout and integrity test of turbopump at 3141 rad/s (30,000 rpm) 

using LN2 as the pumped fluid and GH2 as turbine drive media. 

Results: Satisfactory. The turbopump speed and discharge pressure were 

manually adjusted simultaneously during the rest by the controller 
operator. The performance of the turbopump was monitored on an X-Y 
plotter which displayed turbopump discharge pressure and turbopump 
discharge venturi differential pressure (a measure of the turbopump 
discharge flowrate). Maximum rpm achieved was 3204 rad/s (30603 rpm) 


Analysis: Prior to the test, a turbopump H-Q map chart was prepared for the 

X-Y plotter system which enabled the controller operator (GH2 spin 
valve and turbopump discharge throttle valve controller) to evaluate 
the turbopump real-time performance. The system responded closely 
to the H-Q analytical predictions. A posttest review of the data 
revealed a turbine pressure ratio of 2.12 rather than a desired 1.4 
to 1.6 value. The higher-than-desired pressure ratio was caused 
by too large a turbine discharge orifice (D - 1.7668 cm, 0.6956 inch) 
Prior to the next test, a turbine discharge orifice of 0.5765 inch 
was Installed. A turbopump shaft torque check through the LO2 inlet 
showed the torque to vary from 10.6 to 49,4 mN (15 to 70 in-oz) . A 
visual examination of the rear bearing was accomplished by removing 
the rear bearing housing. No visual discrepancies were noted. 
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Figure 111. System II, Gas Generator Turbine Drive 










1HS53-7/9/76-S1K* 


Figure 113. Mark 48-0 Turbopump Test Installation 
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TABLE 21. MARX 48-0 TURBOPUMP TESTING 
(P/N RS009820, S/N 01-0) 
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Test No. 2 
Test Date: 
Duration: 
Objective: 

Results : 


Analysis : 


Test No, 3: 
Test Data: 
Duration : 
Objective : 

Results : 

Analysis : 


(016-012) 

7-13-76 
9 seconds 

Locate the first and second turbopump critical speeds using LN 2 as 
the pumped fluid and GH^ as the "urbine drive media. 

The test was terminated prematurely by the turbine radial accelero- 
meter vibration safety cutoff (VSC) system at 10 g rms and 4814 rad/s 
(45,979 rpm) . 

The speed of the turbopump was brought up to about 2094 rad/s (20,000 
rpm) where adjustment of the throttle discharge valve was made to 
correct the pump performance to the design Q/N position. At that 
time, the spin valve was opened manually by the controller operator. 

E Ldently the rate of speed increase was insufficient in the region 
of the critical speed range. Cutoff was initiated by the VSC system 
after accumulating 10 g rms count over 200-msec duration. A review 
of the data revealed the first critical speed* to be about 4115 rad/s 
(39,300 rpm). The second critical speed was not well defined due to 
the abbreviated test duration. Another test was necessary to define 
the second critical speed and to verify the value of the first criti- 
cal speed. The turbine pressure ratio for this test was about 1.4, 
with a 1.464 cm (0.5765 inch) turbine discharge orifice- 

(016-013) 

7-13-76 
5 seconds 

Locate the first and second turbopump critical speeds using LN 2 as 
the pumped fluid and GH 2 as the turbine drive media. 

Satisfactory test. All objectives attained. Maximum turbopump rpm 
achieved was 6488 rad/s (61,965 rpm). 

Experience gained in the previous two tests defined the overall res- 
ponse of the controller-GH 2 turbopump systems. As a result of the 
second test (016-012), a throttle valve setting of 39% open was 
required to maintain the design Q/N curve. For this test, just 
prior to opening the GH 2 spin valve, the throttle valve was adjusted 
to 39%. Since it was desired to limit the total turbopump accumulated 
time in LN 2 service, the test required a rapid increase in the turbo- 
pump speed to the targeted 6282 rad/s (60,000 rpm). The normal pause 
at about 2094 rad/s (20,000 rpm) was eliminated. From the time the 
GH 2 spin valve was opened to the time the maximum rpm (6488 rad/s, 
61,965 rpm) was achieved took about 3 seconds. A 2-second dwell 
at 6488 rad/s (61,965 rpm) was followed by a planned controller 
operator cutoff. All objectives were attained with verification of 
the 4115 rad/s (39,300 rpm) first critical speed and a determination 
of the second critical speed to be about 5228 rad/s (52,800 rpm). 
Following this test, a visual inspection of the turbopump revealed 
no damage or discrepancies. The facility system was prepared for the 
next series of tests using LO 2 as the pumped fluid. 


rc 

Y 


{ 


\ 


1 


i 


183 



i 


I 


i 


I 

) 


Test No. A: 
Test Date: 
Duration: 
Objective: 

Results : 


Analysis : 


Test No. 5: 
Test Date: 
Duration: 
Objective: 
Results : 


Analysis : 


(016-014) 

7-16-76 
70 seconds 

Obtain head-flow data at 3141 rad/s (30,000 rpm and 6282 rad/s 
(60-000 rpm) using LO 2 as the pumped fluid. 

Objectives partially attained. H-Q data was obtained at 2513 to 
3036 rad/s (24,000 to 29,000 rpm) but, during the transition in 
speeds, the rate of Increase within the critical speed region was 
slow enough to accumulate 200 msec of 15 g rms level, which triggered 
the VSC cutoff system at 5497 rad/s (52,500 rpm). 

The test progressed smoothly from tank pressurization, throttle valve 
adjustment and H-Q excursion in the 2513 to 3036 rad/s (24,000 to 
29,000 rpm) region. Upon increasing turbopump speed by manually 
adjusting the GH 2 spin valve, the turbine radial accelerometer 
triggered the VSC cutoff system. No damage was noted to the hard- 
ware. ’’or the next test, the turbine discharge orifice was changed 
to 1.628 cm (0.6411 inch) to target a 1.6 turbine pressure ratio. 

(016-015) 

7-16-76 
30 seconds 

Obtain H-Q mapping at turbopump speed of 6282 rad/s (60,000 rpm). 

Objective partially attained. Some H-Q mapping was achieved at 
637 rad/s (60,850 rpm), but the test was terminated prematurely 
by the window observer due to a fire in the test area. 

A posttest analysis revealed the locution of the fire to be behind 
the stand bulkhead and in a facility line connection. Real time 
television coverage of the test area, with replay capabilities, 
was a definite asset to the testing effort. At the start of the 
test, the pump discharge throttle valve was adjusted to 39% (390 
dial setting) , and the turbopump speed rapidly Increased until an 
indicated 6282 rad/s (60,000 rpm) was reached. After a period of 
stabilization, an H-Q excursion from nominal to high head/ low flow 
was achieved. During the excursion back through nominal H-Q toward 
low- head/ high- flow region, cutoff was initiated. No damage to the 
turbopump system was evident. A turbine pressure ratio of 1.68 was 
achieved with the 1.628 cm (0.6411 inch) turbine discharge orifice. 
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Test No. 6: 
Test Date: 
Duration: 
Objective: 
Results : 

Analysis : 


Test No. 7 : 
Test Date: 
Duration: 
Objective : 
Results: 


Analysis : 


(016-016) 

7-16-76 
12 seconds 

Obtain H-Q performance at a turbopurap speed of 6282 rad/s (60,000 rpm). 

The test was terminated prematurely by the turbine radial accelero- 
meter VSC system at a turbopump speed of 5444 rad/s (52,000 rpm). 

At the start of the test, the GH 2 spin valve was opened to obtain 
a stabilized turbopump speed of 3141 rad/s (30,000 rpm). After 
stabilization, it was planned to rapidly increase the turbopump 
speed through the first and second critical speeds to the targeted 
6282 rad/s (60,000 rpm). Again, since the speed control was manual, 
the rate of speed increase through the second critical was insuffi- 
cient, and the test was terminated by the VSC cutoff system. No 
hardware damage was sustained. 

(016-017) 

7-16-76 
37 seconds 

Obtain H-Q performance at 6282 to 7329 rad/s (60,000 and 70,000 rpm). 

Achieved satisfactory H-Q data at 6282 rad/s (60,000 rpm), but the 
test was terminated prematurely at 6700 rad/s (64,000 rpm) by the 
turbine radial accelerometer VSC system before any H-Q mapping 
could be obtained at 7329 rad/s (70,000 rpm). 

The test proceeded smoothly through the first targeted H-Q mapping 
phase at 6282 rad/s (60,000 rpm). While adjusting the GH 2 spin 
valve to achieve 7329 rad/s (70,000 rpm), the VSC cutoff system 
initiated cutoff at 6700 rad/s (64,000 rpm). This speed level does 
not correspond to any projected critical speed region and, in fact, 
no operational parameters indicated any reason for the premature 
VSC cutoff. Checkout of the VSC system failed to show any abnor- 
mality within the facility data acquisition system. This test 
concluded the Series I GH 2 turbine drive test effort. The turbo- 
pump system and facility were modified for hot-fire testing using 
the gas generator. 




y 


% 



I 


1 


I 


I 


I • 


Test No. 8: 
Test Date: 
Duration: 
Objective: 

Results: 

Analysis: 


Test No. 9: 
Test Date: 
Duration: 
Objective: 

Results : 

Analysis: 


(OId-018) 

8-3-76 
0. second 

Turbopump Performance at 6282 rad/s (60,000 rpm) and characteriza- 
tion of system start/cutoff transients 

The test was terminated prematurely by the ignition detect system 
of the gas generator. 

At "ignition OK" (combustion temperature greater than 700 K (800 F) , 
the automatic comparator circuit initiated cutoff due to an indi- 
cation that the igniter failed to ignite. A posttest failure analy- 
sis revealed the most probable cause to be in the spark exciter 
electrical network. A replacement spark exciter system was installed 
and a successful visual spark test was accomplished prior to the 
next test. 

(016-019) 

8-3-76 

2.81 seconds 

Turbopump Performance at 6282 rad/s (60,000 rpm) and characteriza- 
tion of system start/cutoff transients. 

Satisfactory teat with a maximum speed of 6034 rad/s (57,629 rpm) 
achieved. 

Prior to test 016-018, the turbine discharge orifice was changed 
from 1.628 cm (0.6411 inch) to a 1.766 cm (0.6952) inch) diameter, 
with a well-rounded entrance condition, to obtain a 1.72 turbine 
pressure ratio with the hot-gas turbine drive. Actual measured 
turbine pressure ratio for this test was 1.85. Performance of the 
gas generator system was near nominal with a chamber pressure (tur- 
bine inlet pressure) within 41 N/cm2 (59 psl) of the target condi- 
tion (Pg target ■ 1307 N/cm2 (1896 psia) ; actual ■ 1266 N/cm^ (1837 
psia) with a turbine inlet temperature of 978 K (1761 R) . Start 
and cutoff transients of the gas generator system were normal. The 
cha'<'acteri8tic velocity (c*) efficiency of the gas generator injec- 
tor was 98.9%. 


Test No. 10: 
Test Date: 
Duration: 
Objective: 
Results : 


(016-020) 

8-3-76 

0.58 

Turbopump performance at 6282 rad/s (60,000 rpm). 

Test prematurely terminated by turbine inlet overtemperature red- 
line (1088 K, 1969 R). 
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Analysis: The maximum ipm achieved was 6122 rad/s (58,378 rpm) . Start and 

cutoff sequences were normal, with no damage sustained by either 
the turbopump or gas generator systems. This test was scheduled 
for a test stand propellant duration (^50 seconds mainstage) at 
the same performance conditions as the previous test, A posttest 
review of records showed the fuel Injection pressure to be lower 
than the servocontroller set pressure, which lowered the fuel injec- 
tor hydrogen flowrate, increased the gas generator mixture ratio, 
and resulted in an elevated combustion temperature which triggered 
the overtemperature redline cutoff circuitry. Fuel injection pres- 
sure was about 120 N/cm^ (175 psi) lower than the controller set 
pressure. The controller was readjusted for the following i^est 
using the on-line site data. 


Test No. 11: (016-021) 

Test Date: 8-3-76 


Duration: 
Objective : 


Results : 


Analysis : 


16.58 seconds 

Turbopump performance at 6282 rad/s (60,000 rpm) for test stand 
duration ('^SO seconds). 

Objectives partially achieved. The maximum rpm attained was 6575 
rad/s (62,800 rpm) with steady-state performance until a premature 
cutoff by the combustion temperature redline. 

Review of the scaled data revealed that the main fuel valve was 
operating at about 2.5% open, or in a high-flow gain region. Figure 
119 graphically depicts the problem. Note that, in the near-closed 
position, relatively large fluctuations in flowrate can be expected 
with small changes in valve position. The result of the fluctuation 
could cause the noted overtemperature in the combustor due to a sudden 
increase in the gas generator mixture ratio, A similar problem 
existed with the main LO 2 valve during the early development testing 
of the LH 2 turbopump gas generator system. The problem was solved 
by changing the plug trim to a linear (flow increases proportionally 
with valve position) design. A main fuel valve plug trim change was 
not deemed necessary because of the fuel-lead sequence and the nor- 
mal operating position of the main fuel valve being in the 15% (oxi- 
dizer turbopump gas generator) and 50% (hydrogen turbopump gas genera- 
tor) open position at full 2344 N/cm^ (3400 psig) chamber pressure. 

The effect*^ gas conbustion discharge flow area (turbine and dis- 
charge orifice) for the present oxidizer turbopump, required opera- 
ting the gas generator ot approximately two- thirds power. The net 
result was that lower fuel injection pressures were required for 
the lower flowrates. The LH 2 tank pressure for^thls test had been 
lowered from 3303 N/cm^ (440 psig) to 2758 N/cm^ (4000 psig) (gas 
generator testing to turbopump testing) to force the main fuel valve 
to open further and stay outside of the high-flow gain region. For 
the next test, the LH 2 tank pressure was reduced further to 2413 
N/cm2 (3500 prig). Gas generator performance remained normal, with 
no damage sustained to either the gas generator or turbopump system. 
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Test No, 12: 
Test Date: 
Duration: 
Objective : 

Results ; 


Analysis : 


Test No. 13: 
Test Date: 
Duration: 
Objective: 

Results : 


Analysis : 


Test No. 14: 
Test Date: 
Duration: 
Objective : 

Results: 

Analysis: 


(016-022) 

8-9-76 
0.0 seconds 

Turbopump performance at 7329 rad/s (70,000 rpm) and duration 
capability of test stand (^50 seconds). 

Test prematurely terminated by the turbine radial accelerometer 
VSC cutoff system during the fuel lead stage at 5863 rad/s (56,000 
rpm) and 15 g rms. 

Gas generator performance during Igniter stage and fuel lead was 
normal. Test terminated near the second critical turbopump speed. 
No damage noted in either the gas generator or turbopump system. 

(016-023) 

8-9-76 

0.62 seconds 

Turbopump performance at 7329 rad/s (70,000 rpm) and duration 
capability of test stand (^50 seconds). 

The test was prematurely terminated by the turbine radial accelero- 
meter VSC cutoff system at 20 g rms and a maximum speed of 7196 
rad/s (68,725 rpm). 

All aspects of the test appears normal with the exception of the 
apparent high g level at 7196 rad/s (68,725 rpm). No damage 
noted to the hardware. 

(016-024) 

8-9-76 
1,2 seconds 

Turbopump performance at 7329 rad/s (70,000 rpm) and duration 
capability of test stand (-^50 seconds). 

Test prematurely terminated by the turbine radial accelerometer VSC 
cutoff system at 20 g and 7240 rad/s (69,157 rpm). 

All test parameters, except the turbine radial accelerometer, g 
level appeared normal. No hardware damage noted. 
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Test No. 15: 
Test Date: 
Duration: 
Objective: 

Results : 

Analysis: 


Test No. 16: 
Test Date: 
Duration: 
Objective: 

Results ; 

Analysis : 


(016-025) 

8-9-76 

2.39 seconds 

Turbopump performance at 7329 rad/s (70,000 rpm) and duration capa- 
bility of test stand (—50 seconds). 

Test prematurely terminated by the turbine inlet overtemperature 
(1083 K, 1950 R). 

A review of the records show that the fuel injection pressure was 
again about 69 N/cm2 (100 psig) lower than the required set pres- 
sure as shown on the controller dial. The resulting higher-than- 
deslred mixture ratio forced the combustion temperature over the 
reaiine. Actual targeted combustion temperature was 1033 K (1860 R) , 
with an actual temperature of 1087 K (1957 R) recorded, which was 
slightly over the redline. For the next test, a slight power 
increase was planned to ensure that the turbopump speed would be 
at or above 7329 rad/s (70,000 rpm). Maximum speed for this test 
was 7140 rad/s (68,199 rpm), and Insufficient data were available 
to ascertain whether the targeted 7329 rad/s (70,000 rpm) would have 
been attained. The turbine inlet temperature redline was raised 
to 1089 K (1960 R). 

(016-026) 

8-11-76 
5.82 seconds 

Turbopump performance at 7329 rad/s (70,000 rpm) and duration 
capability of the test stand (—50 seconds). 

Test prematurely terminated by an observer due to a fire in the 
facility prcpellant supply system. 

The fire appeared to be located in the gas generator H 2 system 
venturi connections. The fasteners were retorqued throughout the 
immediate area of the H 2 venturi, upstream of the main fuel valve. 

A review of the records showed the turbopump had achieved 7768 rsd/s 
(74,191 rpm). Evidently, the previous test data, being only 2.39 
seconds in duration, had not stabilized i therefore, the targeted 
power level for this test was too high. Tare. ted power level for 
the next test was based on a climbout or i malnstage start to steady 
state bias of about 314 rad/s (3000 rpj). No damage was sustained 
to either the turbopump or gas generator system. 
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Test No. 17 : 
Test Date: 
Duration: 
Objective : 

Results : 
Analysis : 


Test No. 18: 
Test Date: 
Duration: 
Objective: 

Results : 

Analysis : 


(016-02}> 

8-11-76 


3.01 seconds 


Turbopump performance at 7329 rad/s (,70,000 rpm) and duration capa- 
bility of the test stand (^50 seconds). 

Test prematurely terminated by turbine inlet overteraperature. 


Data analysis revealed the fuel Injection pressure was again about 
69 N/cm2 (100 psig) lower then the controller dial set pressure 
requirement. The maximum speed achieved was 6582 rad/L> (62,867 
rpm) . No damage was noted in the tiirbopump or gas generator sys- 
tems. For the next test, a site data correction will be applied to 
the fuel controller to increase the fuel injection pressure by 69 
N/cm^ (100 psig) . 


(016-028) 

8-:.l-76 
40.79 seconds 

Turbopump performance and H-Q excursion at 7329 rad/s (70,000 rpm), 
and duration capability of the test stand (^50 seconds) . 

The test was terminated prematurely by the intermediate seal purge 
supply low-pressure redline circuit. 

All test objectives, except the demonstration of the test stand 
propellant duration, was achieved satisfactorily. Maximum speed 
achieved was 7191 rad/s (68,685 rpm). Figure 120 shows the gas 
generator chamber pressure profile for the test with the average 
turbopump speeds indicated during the various phases of the test. 

As can be noted from Fig. 120, pumped idle-mode operation is nearly 
achieved during the igniter /main purge start phase of the test. The 
test proceeded smoothly through main propellant ignition, until after 
about 10 seconds of mainstage, manual control of the turbopump dis- 
charge throttle valve was initiated to first obtain high-head /low- 
flow conditions. During the planned excursion toward the low-head/ 
kiigh-flow region, cutoff was initiated automatically by che inter- 
mediate seal purge supply pressure redline when the pressure dropped 
below 103 N/cm2 (150 psig). Normal pressure setting at start uas 
138 ±7 N/cm2 (200 +10 psig). A review of the records show a cons ant 
decay in the pressure from start until cutoff. After cutoff, the 
purge supply pressure recovered to the pretest value. An evaluation 
of the intermediate seal purge flow during various portions of the 
test indicates that the purge flow rate increased from about 0.006 
kg/s (78.3 ft^/min; 0.0135 Ib/sec) at start to about 0.007 kg/s 
(89.4 ft^/min; 0.015 Ib/sec at cutoff. These flowrates match the 
observed changes in the purge system pressure. For the last 10 
seconds of mainstage operation, the purge flowrate remained essen- 
tially the same, indicating a stabilized condition. Although the 
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comparator setting redline value for the intermediate seal purge 
pressure was set for 103 N/cm^ (150 psig) , an actual cutoff pres- 
sure of 99 N/cm^ (142 psig) was recorded. A review of the secondary 
hot-gas seal drain line temperature and primary hot-gas seal drain 
temperature shows an increase of about 561 K (550 F) and 730 K 
(855 F) respectively, from the start of the tes_ to cutoff. Figures 
121 through 124 show, respectively, the helium purge orifice upstream 
pressure (supply), the intermediate seal purge pressure (turbopump 
inlet), the primary hot-gas seal drain line temperature, and the 
secondary hot-gas seal drain line temperature, all plotted against 
test reference time. A comparison of these charts indicates that 
the geometrical effective purgi flow area within the secondary 
hot-gas seal area stabilized' after approximately 30 seconds of 
mainstage, but the purge pressure level of the intermediate seal 
purge was so near the comparator cutoff value that a small pressure 
fluctuation below the actual redline valve caused cutoff. Prior to 
the test series, the intermediate seal purge redline level was 
selected to ensure that a sufficient margin existed between the 
LO 2 seal drain line pressure and secondary hot-gas seal pressure, 
and prevented GO 2 leakage into the secondary hot-gas seal cavity 
during pretest chilldown. The results of these tests show that the 
pretest purge level (138 N/cm^, 200 ±10 psig) is sufficient for 
start, but the low redline limit of the intermediate seal purge 
pressure can be reduced below 150 psig. 

An intermediate seal purge pressure minimum redline value of 93 
N/cm^ (135 psig) is recommended for future testing. In addition, 
the purge supply system capacity upstream of the purge flow metering 
orifice should be enlarged to maintain the required orifice upstream 
pressure during all phases of the turbopump test. Change in line 
sizes and/or regulator sizing should be evaluated. An inspection of 
the gas generator injector revealed it to be in excellent condition 
(Fig.l2S). 

To reduce the recorded parameters to a usable form, a computer 
program was created which received the Beckman data acquisition 
unit information and converted it to the desired form. To illustrate 
the output obtained, the printouts for two tests are included in 
Appendix C; Test No. 017 showing ambient gaseous hydrogen drive 
data, and Test No. 026 showing hot-gas generator drive data. 
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. Figure 120. Mark 48-0 Turbopump Start and Cutoff Characteristics 
Gas Generator Hot-Gas Drive 
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Figure 121 . Intermediate Seal Helium Purge Orifice Upstream Pressure 
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Figure 122 . Intermediate Seal Purge Pressure 
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Figure 123 . Primary Hot-Gas Seal Drain Temperature 
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Figure 124. Secondary Hot-Gas Seal Drain Temperature 
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Figure 125. Gas Generator LO 2 Turbopump, P/N RS005024, 
U/N 2, Poattest Condition 
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Pump Hydrodynamic Performance . The following discussion will cover. In order, 
the puii^ head rise, pump ef5ic:fct.cy, axial thrust, and bearing coolant flow as 
determined from the test data and compared «rlth the original predictions. 


Pump Head Rise . The pump head rise Is determined by the relationship 
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where P^ and P^ are «,ae measured static pressures at the discharge and Inlet of 
the pump, respectively, and Vj and are the average velocities at the dis- 
charge and Inlet, respectively. These velocities are not measured but are a 
function only of the meaaured flowrate and the geometric diameters of the dis- 
charge and Inlet ducts. Therefore, the test head rise depends on the two pres- 
sures and the flow measurements, all of which are considered to be the more 
accurate parameters measured in test. The test data were generally sliced to 
get steady«tate performance whenever the test duration was long enough to per- 
mit this, nie data slices used for evaluating the hydrodynemlc parameters were 
generally approximately 0.23 second In duration and were never less than 0.10 
second. This slice time Is typical of those generally used at Rocketdyne for 
steady-state data reduction programs. 


Figure 1<6 Is a plot of the pump overall head rise as a function of flow, fdiere 
both data and the predicted head are scaled to a speed of 7329 rad/s (70,000 
rpm). The scaling was accoiq>llshed using the affinity laws which have been 
thoroughly substantiated as applicable for LO 2 and LN 2 . The data consist of 66 
data points from 15 tests, with test speeds varying from 1628 rad/s (15,550 rpm) 
to 7768 rad/s (74,190 rpm), and with pumped fluids of both LO 2 and LN 2 , primar- 
ily the former. The sy^ols used for the data points distinguish the different 
operating apeed ranges tested. There was no Indication that the results were 
dependent on the punned fluid medium. 

The low-speed data show fairly good agreement with the predicted head rise, 
but may be Indicating a slightly steeper H-Q slope than predicted (this will 
be discussed more fully at a later point). However, as speed Increases, the 
test data deviate more from the predicted curve, falling short of the curve at 
the higher flowrates. This type of deviation Is typical of that experienced 
when cavitation Is limiting the performance. To Investigate :hls deviation, 
the ratio ( R^n ) of the test head rise divided by the predicted head rise was 
calculated and plotted as a function of suction specific speed (Ngs) In Fig. 

127, The Initial plot tended to Indicate a great deal of data scatter without 
clear trend. However, when different synhols were used to represent the dif- 
ferent Inlet flow coefficients (^in) tested, the data showed a clear trend. 

For all coefficients, there Is a tendency of the head ratio to drop as Nss 
increases. However, as flow coefficient Increases, this dropoff occurs at 
successively lower values of Ng,. To Illustrate this trend, the data of Fig. 

127 ere repeated In Fig. 128, with curves drawn to represent the various flow 
coefficient ranges tabulated. This trend again Is strongly Indicative of 
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Mark 48 LOX Pump Data and Predicted Head Rise Scaled to 70,000 rpm 
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cavitation limitations, with the amount of cavitation increasing with either 
increasing Nss with increasing flow coefficient at a constant value of Ngg. 

The cavitation appears to occur at much lower values of Nss than would be ex- 
pected from the design, considering it does have an Inducer designed for good 
suction performance. This would indicate the more likely possibility that the 
Impeller is cavitating rather than the inducer. This could be caused bys 

1. A failure of the Inducer to produce its design he?d rise, which 
is required to keep the impeller out of cav^ tatlon 

2. An inadequate impeller design from a cavitation standpoint 

3. Too much hot cryogenic being pumped into the impeller eye from the 
balance plston/bearlng area 

Arguments will be presented later that there is not a large amount of balance 
piston flow being returned to the Impeller eye. With low circulation, the fluid 
may be heating up significantly and returning to the Impeller eye at much higher 
temperature than expected. To further define the source of the problem, two 
further steps of data analysis were attempted: 

1. A theoretical Inducer head rise curve was used to estimate the inducer 
performance. This Inducer head was added to the inlet NPSH to permit 
calculation of the Impeller NPSH and Ngs* (It was assumed in chese 
c>..lculatlons that there Is no fluid entering at the Impeller eye 
except the inducer flow, and that the fluid vapor pressure at the 
Impeller inlet was identical to that upstream of the inducer.) 

2. The noncavl rating head rise was assumed to be steeper than the pre- 
dicted noncavltatlng head. The test data at low speed were used to 
estimate this new head rise curve, which Is shown in Fig. 129* 

Figure 130 shows the Impeller suction specific speed calculated by the procedure 
discussed in Item (1) above. The data follow a trend t>plcal of cavitation 
performance. At lower flow coefficients, the data are relatively flat until an 
Nss of 1*1 rad/s (m3/s)^/2/(J/kg)^'^ 3000 rpm*gpm^' ^/ft^'^ is reached where the 
head starts to drop. At higher flow coefficients, the head begins to drop at 
lower Ngo values, approximately 1.1 rad/s (m^/s)^' ^/(J/kg)^/^ 2200 rpm*gpm^'^/ 
ft^'^. (Note that an expanded scale is used in Fig. 130 for the abscissa.) 

These are relatively low values, but if there Is much heat added to the flow 
by the return flow from the front wear ring and from the balance piston area, 
the actual Ngs for each of these points could be significantly higher. However, 
It must be admitted that one of the key potential technology problems associated 
with such small-scale hardware is that of achieving a good suction performance. 

The results of the procedure outlined in item (2) above are shown in Fig. 131. 

The approach tended to bring together the data at the lower values of Ngg as 
expected, but the data fall on a sloping line rather than a horizontal line. 

In fact, the trend of the data is so contrary to the expected trend (as was 
observed in Fig. 130) that it Is concluded that the head rise curve presented 
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Figure 129. Mark 48 LOX Pump Data Scaled to 70,000 rpm 






Figure 130. Mark 48-0 Turbopuap lapeller Section Specific Speed 
Calenieted to Pro duce Design Head Rise 
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in Fig. 129 does not properly reflect the noncavitating head. In all further 
calculations, the original piedlcted head rise is used for the theoretical 
value. 

In addition to the overall head rise, internal static pressure measurements 
were made to aid in distinguishing the hydrodynamic performance of the individ- 
ual components. Specifically, an Impeller and a diffuser discharge pressure 
was measured. Using these two internal measurements and the pump inlet and dis- 
charge pressure, the static pressure rise across the hydrodynamic components 
could be calculated. This was done for the same data points as presented for 
the head rise. The results are presented in Fig. 132 through 135 where, in each 
case, the static pressure rise is plotted as a function of flowrate, and the 
data are compared with the originally predicted static pressure rise across the 
same component. Note that the pressure rise of Fig. 135 is a composite of the 
two pressure rises of 7ig. 133 and 134. 

It should be pointed out before discussing the significance of these figures, 
that internal static pressure measurements at positions like the impeller or 
diffuser discharge are susceptible to large data scatter or even to significant 
bias from the predicted value. This can result because the instrument is measur- 
ing a purely local static wall pressure in an area that is highly susceptible 
to local gradients in velocity and static pressure. As such, whereas the meas- 
urement is taker to achieve an average pressure, it may be measuring either an 
extreme local value not representative of the averp;e, or a local value in a 
highly turbulent region that is unstable. The measurements are still of value 
but always have to be used with the proper care. In the case of the impeller 
discharge pressure measurement, the data are also affected by the location of 
the pressure tap on a wall surface at an angle to the throughflow. In such a 
position, the measurement is reading some component of the velocity head and is 
not a true static pressure. Thus, this measurement will always read higher than 
static, and the error will Increase as flow Increases. However, at 300 gpm, the 
pressure equivalent of the total meridional component of velocity at the static 
tap is less than 25 psi, so that this location will not affect any of the con- 
clusions discussed below. In the following discussion, the as-measured pres- 
sures are taken as representing average conditions unless otherwise stated. 

Figure 132 the first of the four figures, presents the static pressure rise 
across the impeller and inducer. (There was no static pressure measurement 
made at the inducer discharge.) The data show the same general trends as the 
head rise data (Fig. 126); there are some cases, however, where the impeller 
static pressure rise is higher than design, but the pump head is lower and 
vice-versa. The data of Fig. 132 actually have more spread than the data of 
Fig. 126, considering the difference in the scales of the ordinates in the two 
figures. The data definitely tend to indicate that there is insufficient head 
being generated by the inducer-impeller combination. 

Figure 133 presents the static pressure rise across the vaned diffuser. These 
data indicate a different potential problem. At low flows the proper diffusion 
appears to be achieved but, as flow Increases, the diffuser performance progres- 
sively degrades. This is indicative of a diffuser mismatch which could be caused 
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Figure 133. Hark 48 LO:: Pump Data and Prediction Scaled to 70,000 rpm 
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Figure 134. Mark 48-0 Pump Data and Prediction Sealed to 70,000 RPH 
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Figure 135* Diffuser and Volute Head Rise 







by either a flow angle mismatch at the leading edge, or a flow passage that is 
too small to pass the flow. The latter appears to be more likely in view of 
the fact that, for lower-speed data at the real high flows and the real low 
flows, the impeller pressure rise was in fair agreement with prediction (Fig. 
132), yet the diffuser pressure rise is continually dropping as flow increases. 
Again, this is a typical problem experienced with very small pumps '»n that 
boundary layer blockage or blockage due to fabrication mismatch or secondary- 
flow eftects can so easily represent a much larger percentage of the through- 
flow area than is normally experienced in larger pumps. 

Figure 134 presents the pressure recovery through the volute and Indicates a 
larger amount of data scatter, but the data arc ..ver>'where equal to or above 
the design value. Figure 135 is a composite of Fig. 133 and 134, and represents 
the static pressure rise across the total diffusion system from impeller dis- 
charge to pump discharge. This composite shows the same trends as would be 
expected based on the trends and relative amplitudes of Fig. 133 and 134. 

Pump Efficiency . The data reduction program was written to calculate the 
pump efficiency by assuming a known turbine efficiency based on calibration 
results (presented in the turbine sect: on) and backing out the pump efficiency 
from the machine efficiency. This machine efficiency is calculated from test 
data as the pump delxvered horsepower divided by the turbine inlet available 
energy. The pump efficiency obtained by this procedure is shown in Fig. 136. 

As can be readily be seen, this calculated efficiency shows very poor agreement 
with the predicted efficiency, especially at the higher flow coefficients; how- 
ever, the higher flow coefficient data were obtained from lower-speed tests 
where the results would be much more susceptible to data Inaccuracies. The data 
are all below the predicted efficiency line even though the head rise did in 
some cases meet its head objective. 

Many of the test slices at higher speeds had a sufficient temperature rise 
across the pump to permit a calculation of the isentroplc efficiency. This cal- 
culation has the advantage of using only test data from the pump, specifically 
pump inlet and discharge pressures and temperatures. These temperatures are 
much more reliable than the turbine temperatures, but the temperature differen- 
tials must be large enough to minimize instrumentation inaccuracy. The data 
slices with temperature rise of 11 to 17 K (20 to 30 F) were used, and the 
results are presented in Fig. 137, The data show better efficiency than those 
calculated from the machine efficiency. These results also would appear much 
more reasonable in that they are more consistent with the performance degrada- 
tion noted in the pump head. As such, the isentroplc efficiency data are con- 
sidered to be the most representative, and show the pump running generally about 
5 to 10 points low at the lower flow coefficients, the actual amount, however, 
being rather strongly dependent on flow coefficient. 

Achieving a high efficiency in a small pump is difficult. The problems dis- 
cussed in describing the pump head degradation are primarily responsible for the 
lower efficiency. It is anticipated that the efficiency can be improved sig- 
nificantly by correcting the conditions that are causing impeller cavitation 
and low head. 
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Figure 137. Pump Isentropic Efficiency 
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Axial Thrust. The turbopmnp is designed to achieve a balance of axial thrusc 
between the pump and turbine. The pump Impeller back side contains a balance 
piston designed to provide the thrust range as a function of axial position to 
petrmit the total turbopump axial tnrust to be balanced during all phases of opera- 
tion, including start and shutdown transients. The balance piston is u3ed to 
minimize the thrust load-carrying requirements on the bearings, the balance piston 
using the pressures generated by the pump to achieve the required balancing force. 


The balance piston is double acting in the sense that both the high- and low- 
pressure orifices are sensitive to axial position. A sketch of the balance piston 
is shown in Fig. 138. Since operation in LO 2 prohibits any significant metal-to- 
metal contact of rotating and stationary parts, the balance piston is designed to 
have a radial gap . : both orifices at all times. These gaps are a function of 
speed and, based on calculations from the Stress Department, ^hey the relationships: 


0.0033 - 0.013 (N/8061)^ mm 

0.0013 - 0.0005 (N/77,000)^ inch 

0.009 - 0.008 (N/8061)^ nm 

0.00035 - 0.0003 (N/ 7 7, 000)^ inch 


where N is pump speed in rpm. These gaps must be kept as small as practical to 
avoid a rubbing problem because the axial thrust range is signifies itly decreased 
if these gaps are allowed to be too large. Review of the hardware after the com- 
plete test series indicated no rubbing occurred in the balance piston area. 


The pressure drop across the total balance piston consists of three Individual 
pressure drops: 

1. The loss through the high-pressure orifice, which is sensitive to axial 
pc'fition 

2. The loss through the low-pressure orifice, which is sensitive to axial 
position 


3. Vhe ptessure drop sustained by the rotational (vortex) motion oL the 
fluid within the balance piston. This drop is sensitive to the sur- 
face condition in the balance piston and speed. 


Dur:*ng the Mark 48-0 testing, the following static pressure measurements were 
made: 

1. Impeller discharge pressure, which is upatream of the balance cavity 
pressure 

2. Balance cavity pressure, which is downstream of the high-pressure orifice 
but at approximately the same radius 
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Figure 138. Mark 48-0 Balance Piston 
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3. Balance piston sump pressure, which is dowitstream of the low-pressure 
orifice 

4. Balance piston return flow pressure, which Is downstream of the bearings 
and slinger In the return path of the balance piston flow 

These pressure measurements and a previous correlation for pressure drop through 
SSME LO 2 bearings permit analysis of the balance piston performance regarding the 
fluid average slip coefficient, K. This ratio of fluid- to- Impeller speed tangenti- 
ally was found to be a function of balance piston flow coefficient as well as 
Impeller speed, as can be seen in Fig. 139 and 140. This analysis was done using 
time slices representative of pressures and speeds that occurred during LO 2 testing. 

Analysis of balance piston axial thrust capabilities or range required modifica- 
tion of an existing balance piston computer program. The computer program was 
modified to accept a split flow downstream of the return cavity, modeling the 
recirculation holes and overboard bleed line on the Mark 48 oxidizer pump. In 
addition, a modification was made to the program to accept variable density at 
each station in the flow path. Once the flowrates through the flow loop had con- 
verged and pressures through the system were known, new densities were found from 
charts for all stations. The computer program was run again, and the process 
repeated until convergence of the densities was achieved. 

The balance piston force was calculated for the full range of the axial travel 
[l.e., from 0.0 to 0.25 mm, (0.010 inch) gap on the high-pressure orifice], and 
the axial position at which the measured balance cavity pressure was matched 
was determined. Because of the time consumption Involved in obtaining solutions 
for a given data slice, five data slices were analyzed which are representative 
of the testing performed. 

The ratio X/6 of high-pressure orifice gap (X) to total balance piston travel (6) 
for these cases varied from 0.212 to 0.353. These five cases are summarized in 
Table 22 showing also the total thrust range. In addition. Table 22 shows the 
thrust at the point of match, and defines and presents the range factor which 
varies from 0.52 to 0.78. 

Figure 141 presents the thrust range as a function of the pump speed for the cases 
presented in Table 22. Assuming that the pump pressures vary essentially with 
speed squared, the thrust range also should vary close to speed squared. (This 
is an approximation because pump inlet pressure does not vary with speed 
and the radial gaps of the balance piston are closing with speed, which makes 
the balance piston more effective at higher speeds.) Lines are drawn on Fig. 141 
at a slope of 7 to 1 to represent a speed squared relatlonshi'> . The parameter 
Kj is defined xn Fig. 141, and four of the cases vary from 81 to 112% of the 
design value of this parameter. Case 17-8 is found to be 68% of Kj design. ' 

Case 17-8 has an Internal recirculation hole and no overboard bleed. It was found 
during the analysis that the flow in the recirculation passage in this case becomes 
a two-phase flow with very low density. This causes a higher back pressure in the 
balance piston sump and, therefore, poorer balance piston performance. 
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Test No. 
J4-8 
17-8 
19-3 

24- 1 

25- 3 


TABLE 22. MARK 48-0 BALANCE PISTON PARAMETERS 


. ® 
Range 


Speed 

Thrust 

© 

Range 

Thrust at 
Hatch Point 

rad/s 

rpm 

kN 

pounds 

kN 

pounds 

2738 

26157 

4.4 

984 

10.6 

2394 

5979 

57110 

16.6 

3732 

29.0 

6520 

6034 

57629 

26.9 

6046 

28.0 

6289 

7241 

69157 

29.1 

6542 

31.5 

7077 

7140 

68 I 99 

39.2 

8803 

36.6 

8233 


X/6 at 
atch Poi 

0.353 

0.212 

0.286 

0.247 

0.277 


fT' 

'^Thrust Range “ maximum balance piston force minus minimum balance 
p i s ton force 

®Thrust at Match Poin<’ » balance piston force at the position of 
the balance- piston that matches the measured baiance cavity 
pressure 

® Range Factor ■ thrust at match point minus minimum balance piston 
force divided by thrust range 

®X/6 at Hatch Point ■ distance from high-pressure orifice (X) 
divided by total balance piston travel (5), with X selected 
at the position of the balance piston that matches the measured 
balance cavity pressure 


As a general assessment, it can be said that this test series shov;ed the balance 
piston to be operating in a satisfactory manner, particularly on those tests 
where part of the flow was bled overboard and, thereby, the return cavity pres- 
sure was reduced. To improve the margin in an internal recirculation mode, the 
size of the return flow passages should be enlarged. 

Bearing Coolant Flow . Examination of the bearings posttest showed that the 
bearings had been overheated. There are two possible explanations: 

1. The bearing was overheated during LN 2 tests. 

2. The bearing was overheated during the LO 2 tests. 

These two possibilities are distinguished because experience with bearings in LN 2 
operation. Rocketdyne's experience in this’ fluid medium has been inconsistent, 
some tests indicating satisfactory operation, others showing definite signs of 
bearing distress. The bearings from the Mark 48 had a very similar appearance 
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Figure 141 • Balance Piston Thrust Range 






to others damaged during LN 2 operation. Because of this earlier experience, the 
total test time in LN2 was purposely kept to a minimum; three tests were conducted 
with a total duration of 44 seconds and a maximum rotor speed of 62,000 rpm. 

Regardless of the LN 2 operation, however, there are indications that the LO 2 flow 
through the bearings could be substantially less than was desired and that the 
temperature of the coolant was potentially higher than expected- The data 
have already been used to show that the balance piston thrust range in some cases 
was less than the design range. This limitation was attributed to the higher 
resistance downstream of the balance piston sump. This same high resistance 
tends to restrict the coolant flow. 

The overheating condition would be made worse by the possible larger loads 
carried by the bearing due to the inability of the balance piston to develop 
the thrust range desired in some instances. The load tracks on the bearings 
were wider than usual, indicating variable loading conditions. 

The third factor affecting the bearing temperatures is the temperature of the 
coolant fluid Itself in and around the bearings. Figure 142 shows the temperature 
in the balance piston return flow area as a function of speed. Many of the 
temperatures experienced are actually warmer than any encountered previously with 
LO 2 bearings. It is desirable to keep the temperature down to approximately 110 K 
(200 R). The data in Fig. 142 show temperatures as high as 160 K (290 R) at 
speeds of 60,000 rpm. The higher temperatures noted on the earlier tests were a 
cause of concern that led to the action of opening an Instrumentation line as an 
overboard bleed of the balance piston flow return cavity. This ''hange was made 
effective on test 19 and subsequent and, even though the return port was small, 
the data of Fig.l42show that there was a definite tendency to lower the tempera- 
ture in this cavity. Subsequent tests were able to get to speeds of 7330 rad/s 
(70,000 rpm) or higher without exceeding approximately 130 K (235 R) . Thus, the 
overheating Initially must be at least partially due to Insufficient coolant flow- 
rate out of this cavity area. This same problem leads to a higher back pressure at 
the balance piston sump, and results in the lower thrust range previously reported. 

Further analyses to explore the coolant flow problem should be conducted. These 
analyses can be expected to cover the effects of the heating due to power disk 
drag on the back side of the Impeller and on the sllnger. Preliminary analyses 
indicate that, at 7330 rad/s (70,000 rpm), the Impeller back side power disk drag 
could easily result in a temperature Increase of 17 K (30 R) , with the flows calcu- 
lated in analyzing the balance piston performance. This could explain the tem- 
peratures observed during tests. 

In conclusion, the bearings show definite signs of overheating. There is no way 
to determine which tests contributed most to the overheating problem. The whole 
overheating effect could be due to the tests in IjN 2 only, or it could be due to 
only the tests prior to test 19, where much higher temperatures were experienced. 

An analysis is required to at least establish sufficient flow through the bearings 
and return cavity area to keep the temperatures no higher than those experienced 
on the last tests of the s aries reported herein. 



TEST NO 





N *3NniVN3dH3i M01J NNniSN NOlSId 33NV1V8 





Figure 142. Mark 48-0 Turbopump Speed vs Balance Piston Return 
Flow Temperature 
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Turbine Perforaance . Turbine test data for 
with Instrumentation located as follows: 


Turbine Test Parameter . 

Inlet Static Pressure (Ps^) psla 
Inlet Total Pressure (P^j^) > psla 
Inlet Total Temperature (T^.^) , R 

Exhaust Static Pressure (Pg^) » psla 
Exhaust Total Pressure (Pt 2 ^* 

Exhaust Total Temperature (T^^)* ^ 

Speed (N) , rpm 


the performance analysis were obtained 


Location 

Upstream of the turhlne Inlet 
manifold at gas generator 
Interface flange 


kt the duct downstream of the 
turbine discharge manifold 
flange 


I Signal obtained at the turbopump 
[ shaft 


Working Fluid, Mass Flowrate Ib/sec 


Calculated with gas generator 
venturi 


Tests 11 through 18 were conducted with GH 2 turbine working fluid, and tests 19 
through 28 utilized LO 2 /LH 2 preburner combustion products to drive the turbine. 

For the Initial tests, 11 through 13,. liquid nitrogen was used In the pump, while 
tests 14 through 28 were run with LO 2 In the pump. 

The turbine was tested as an Individual component at the Wyle Laboratories for 
purposes of calibration. These calibration tests were performed with better 
Instrumentation and test operating condition control than Is achievable In the 
turbopump tests. The testing and results from the calibration series have been 
discussed previously, and the data from those tests are considered to be the 
best data for defining turbine efficiency. However, the data from the turbopump 
tests were used In a twofold manner: 

1. To determine the turbopump machine efficiency 

2. To calculate a turbine efficiency for comparison with the calibration 
test results 

Data from test 24-1 are used as a sample case In the discussions dealing with data 
reduction procedure and turbine demonstrated performance, because It Is the LO 2 / 
LH 2 turbine test with the velocity ratio closest to that of the turbine design 
(0.345). 
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Turbine test efficiency is calculated with the following analysis proceduie based 
on turbopubp tests: 


1. The turbopump machine efficiency is first established by dividing 

pump delivered fluid horsepower (which is calculated with pump develop'^d 
head, pump flowrate, and fluid density) by turbine ideal horsepower 
(evolved with turbine isentroplc available energy and mass flowrate). 

2. Turbine test efficiency is established by dividing the machine efficiency 
with pump isentroplc efficiency (uce Fig. 137 under Pump Hydrodynamic 
Performance) . 

At the outset of the turbine analysis, the turbine inlet pressure is adjusted for 
an estimated 2% pressure loss. The fluid loss starts at the station where the 
total inlet pressure is measured, and is sustained for the flow distance up to 
the nozzle entrance plane. The loss assigned to this calculation is based on 
experience with similar design turbine installations, manifolds, gnd working 
fluids, and is charged to the engine system in a staged combustion cycle. Turbine 
inlet total enthalpy is calculated at the entrance to the nozzle. Thus, 


Turbine pressure ratio (total to static), PR (T-S) ■ 

Turbine isentroplc enthalpy irop, h (T-S), Btu/lb ■ 384.4 

s 

Turbine theoretical spouting velocity, C^, ft/sec ■ 4388 


Turbine pitch line velocity, U , ft/sec ■ 1418 

HI 


Turbine y'eloclty ratio, U /C 
' mo 

Turbopump Machine Efficiency “ 


> 0.323 

Pump Fluid Horsepower 
Turbine Ideal Horsepower 


n 


1.746 


T/P Machine 


where turbine ideal horsepower ■ 1.4145 (Ah^) (W^.) 

- 1.4145 (384.4) (2.715) - 1476.6 


( 1 ) 


ri T/P machine 


415.9 

1476.6 


0.2817 


Turbine Efficiency 


T/P machine _ 0.2817 
Pump ideal " 0.618 


0.456 


( 2 ) 


The calculated turbopump machine efficiency versus turbine velocity ratio plot is 
presented in Fig. 143; the performance data are representative of test speeds 
ranging from 1623 to 7768 rad/s (15,500 to 74,191 rpm). All the data are below 
the predicted machine efficiency curves, which was to be expected based on the 
low pump efficiencies presented in the previous section. 

A check of turbopump test data near the turbine design velocity ratio (Uq/Cq *■ 
0.345) indicates the machine efficiency varies from 0.272 to 0.333; this represents 
an approximate ±10Z maximum variation from the average machine efficiency of 0.300. 
Figure 144 presents the turbine efficiency calculated by dividing the machine 
efficiency (Fig. 143) by the pump isentroplc efficiency (Fig. 137). The data 
bracket the calibration curve, but show a definite trend of variation with turbine 
velocity ratio. At the extreme values of U/Cq, the data are off by 10 efficiency 
points, being 10 points high at high U/C^ and 10 points low at the other end. 


TURBOPUMP MACHINE EFFICIENCY 


PREDICTED T/P 
EFFICIENCY FOR 
PUMP FLOW 
COEFFICIENT 


^ 0.085 

^ 0.065 


PUMP FLOW 
COEFFICIENT RANGE 

O <^ < 0. 065 

8 0.065 < <fr< 0.070 

0.070 < <i(>< 0.075 
A 0.075 < <^ < 0.080 
V 0.080 <<(>< 0.090 
0 0.090 < ^<0.100 
0 o.ioo< ^ 


TURBINE VELOCITY RATIO, U/C^ (TOTAL TO STATIC) 


Figure 143. Turbine Velocity Ratio vs Turbopump Machine 
Efficiency 
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Figure 144. Turbine Velocity Ratio vs Efficiency 
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Such scatter in turbine efficiency based on the available data Is not surprising 
and, in fact, is the very reason that a more carefully controlled turbine calibra- 
tion effort was conducted prior to the turbopump testing. 

The precision of turbine pressure, temperature, working fluid mass flow, and speed 
test data affect test results. The plots in Fig. 1A5 and 146 were made to illus- 
trate quantitatively how turbine inlet temperature and turbine pressure ratio 
influence turbine performance. With the turbine test parameters from test 24-1 
as a reference (and using as an example a calculated turbine efficiency rather than 
the calibration value), the turbine inlet temperature and pressure ratio were 
perturbated, l.e., temperature from 814 to 926 K (1467 to 1667 R) and pressure 
ratio from 1.587 to 1.880 total to static. Estimates of how these data shifts, 
due to instrumentation error or other causes, can affect turbine performance calcu- 
lations are tabulated below and plotted in Fig. 145 and 146. 



Variable 

Percent Change 

Efficiency Change 
(Points) 

(a) 

Turbine Inlet Temperature 

Minus (1) 2 

-0.9 

(b) 

Turbine Pressure Ratio 

Plus (+) 2 

- 1.8 


Total (a) + (b) 


-2.7 


No allowance has been made for the precision of the speed and f^rblne inlet pres- 
sure data. 

Another factor which influenced the turbine performance is the turbine mass flow- 
rate data. For these tests, the total LO 2 /LH 2 turbine was established with 
four separate oxidizer and fuel venturi meters (LO 2 and LH^ flow at the preburner, 
and GO 2 -GH 2 flow to the igniter); mass-flow was calculated 1 th flow coefficients 
at the respective flow stations. Furthermore, problems were experienced with the 
venturi measurements on several tests, which necessitated calculating flowrates 
by secondary means. Therefore, if all the above factors are taken into considera- 
tion (pump efficiency, instrumentation error, and mass flow precision), th^ 
efficiency data point scatter in Fig. 143 and 144 can be readily understood. 

A comparison of turbopump test results with turbine calibration data shows t.iat 
the turbine efficiency is scattered about the turbine calibration data, thereby 
indicating some substantiation. It should be noted that calibration data were 
obtained under conditions more suitable to higher precision and, therefore, the 
turbine efficiency obtained from the calibration tests should be considered most 
representative of turbine performance. 
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TURBINE EFFICIENCY, *1. (TOTAL TO STATIC) 



0.30 0.3) 0.32 0.33 0.3^ 0.3S 0.36 

TURBINE VELOCITY RATIO U/C^ (TOTAL TO STATIC) 



Flgur* 145. Turbine Velocity Ratio vs Efficiency 
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Figure 146. Turbine Pressure Ratio and Inlet Tempera tm*e 
vs. Turbopump Machine Efficiency 
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Mechanical Performance. Testing of the LO 2 turbopump encompassed 18 starts, with 
a total accumulated time of 267 seconds. The three initial tests were conducted 
with LN 2 as the pump fluid: in subsequent tests, LO 2 was used. The first seven 
tests were performed using ambient-tempeiature GH 2 to drive the turbine; in the 
remainder of the test, the combustion product of LH 2 and LO 2 at approximately 
design temperature was the turbine propellant. The longest test durations con- 
ducted were 70 seconds with ambiint H 9 drive and 41 seconds with hot-gas drive. 
The operation covered a rotor speed range of 0 to 7768 rad/s (74,191 rpm) ; a 
maximum pump discharge pressure of 3175 N/cm^ (4606 psia) ; and a maximum turbine 
inlet temperature of 1133 K (2040 R). 

Several tests were terminated by the vibration sensor device monitoring the out- 
put of the accelerometers attached to the turbopump housing. This was caused 
by a combination of several factors. Normally on a new turbopump several tests 
are required to establish its vibration signature and thus set the cutoff point 
at the appropriate levels. It appears that with the Mark 48-0 turbopump, this 
level is in the 20 to 25 g rms range in conjunction with a 2K Hz low-pass filter. 
Some of the early runs were terminated because the cutoff redline was set too 
low. In addition, the manual GH 2 feed co.itrol system employed on the first seven 
runs frequently resulted in slow transition through critical speed zones, with 
attendant buildup in vibration levels. 

Bently data and accelerometer data obtained from high-frequency tapes showed 
Increased synchronous activity at 4115, 5026, and 5528 rad/s (39,300, 48,000, and 
52,800 rpm). These compared favorable with the analytically predicted critical 
speeds of 4723 and 5482 rad/s (45,108 and 52,363 rpm), respectively. No evidence 
of subsynchronous vibration was present in the data. 

The measured seal drain pressures, temperatures, and flowrates were, in general, 
in good agreement with predicted values, indicating proper functioning of the 
shaft seals. During chllldown of the pump on the LN 2 tests, it was noted that 
the secondary hot-gas drain line frosted ever. This could occur as a result of 
heat transfer through conduction, but possibly also as a result of the pump fluid 
from the primary LO 2 seal drain cavity leaking across the intermediate seal. To 
prevent a potentially hazardous condition, the purge pressure level in the inter- 
mediate seal was raised to 138 N/cm^ (200 pslg) . No problem was experienced at 
this pressure level with mixing of incompatible fluids. It is quite possible 
that the originally planned purge pressure of 41 N/cm^ (60 psig) would be 
adequate. This could be established on future tests by sampling and analyzing 
the drain fluids during chllldown. 

The turbopump was disassembled after the test series to permit visual inspection 
of the components. Figure 147 show the condition of the more significant parts. 
The condition of most of the components was excellent; only two discrepancies 
were apparent: The pump-end bearings showed evidence of overheating, and the 

chrome plating on the rotor under the primary hot-gas seal ring flaked off. 

Figure 148 shows the condition of the inducer and Impeller: neither part had any 
adverse after effects from the testing. As experienced, superficial rubbing 
contact took place at the tips of the Inducer vanes and at the Impeller front 
shroud labyrinths. In Fig.l49the impeller and the diffuser are included to 
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Figure 147. Mark 48-0 Components After Testing 
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Illustrate the condition of the balance piston low-pressure orifice elements as 
well as the stationary land of the high-pressure orifice. There was no sign of 
contact at either orifice. 

Components of the rotating assembly and the shaft dynamic seals are shown in 
Fig. 150 and 151, respectively. The only discrepancy noted on the seals was a 
slight roughness on the inner diameter of the turbine-side ring of the primary 
hot-gas seal, under which the chrome plate flaking occurred. Figure 152 illustrates 
the appearance of the sealing surfaces on the rotor. The surfaces under the 
primary LO 2 seal and intermediate seal rings are in excellent condition. On the 
other hand, some of the chrome plating flaked off under the primary hot-gas seal 
rings. Difficulty has been experienced during fabrication of the rotor in obtain- 
ing a sound plating in this area, but it is anticipated that, with more stringent 
quality control and engineering surveillance over the process, a satisfactory 
plating can be achieved. 

The turbine-end and pump-end bearings are shown in Fig. 153 and 154, respectively . 

The condition of the turbine-end bearings was excellent. There was no evidence 
of overheating or excessive loading. In contrast, the balls of the pump-end 
bearings were discolored and a piece spalled from one of the balls. The cage 
pocket which contained the spalled ball was worn. Wear tracks on the races indi- 
cated high and varying load levels. Tlie overheating is attributed to insufficient 
coolant flow caused by high resistance in the balance piston return flow passages. 
(See discussion under Pump Hydrodynamic Performance). 

The remaining components, Including the pump and turbine housings and supports, 
were in excellent condition. There was no sign of structural failure, excessive 
deflection, or other deterioration. 
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Figure 152. Mark 48-0 Rotor After Testing 
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General ?-?5 

• Y\ 

Components which arc subject to a low cycle fatigue mode of failure ' 

shall be designed for a minimum of 300 cycles times a safety factor ’ 

of 4. 

Components which are subject to a fracture mode of failure shall be 
designed for a minimum of 300 cycles times a safety factor of 4* 

Components which arc subject to a high cycle fatigue mode of fall> 
ure shall be designed within the allowable stress range diagram 
(based on the material endurance limit)* If stress range materlai 
property data arc not available, modified Goodman diagrams con- 
structed as shown below shall be utilized. 



Fe “ 

Fty a 
Ftu ■ 


Material Endurance Limit 

Material Yield Strength (.27. offset) 

Material Ultimate Strength 


5 

♦ 

i 
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APPENDIX A (COMT'D) 

/ 


Effective etresf. shall be b^iced cn uhc Mlsea-Hencky constant energy 
of distortion theory* 

Unless otherwise noted under component ground rules specified here* 
In, the following minimum factors of safety shall be utilized: 

Factor of Safety (.27. yield) a 1.1 x Limit Load 

Factor of Safety (Ultimate) a 1.4 x Limit Load 

Limit Load: The maximum predicted load or pressure at 

the moat critical operating coi'.dltlon 

Components subject to pressure loading shall be leslgned to the 
following minimum proof and burst pressures: 

Proof Pressure a 1,2 x Limit Pressure 

Burst Pressure a 1 .5 x Limit Presi^jre 


Impeller 


Inducers and/or impellers utilized In the high pressure pumps shall 
be designed for operation above incipient cavitation* 

Impeller burst speed shall be at least 207. above the maximum oper- 
ating speed. 

Impeller effective stress at 57. above the maximum operating speed 
shall not exceed the allowable .27. yield stress. (Does not apply 
to areas in which local yielding Is permitted.) 


Turbine 


Blade root steady-state stress shall not exceed the allowable 1% 
ten hour creep stress. 

Stress state at the blade root as defined by the steady-state stress 
and an assined vibratory stress equal to the gas bending stress 
shall be within the allowable stress range diagram or modified Good- 
man diagram. 

No blade natural frequencies within +15% of known sources of excita- 
tion at steady-state operating speeds* 

Disk burst speed shall be at least 20% above the maximum oper'itlng 
speed. 
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Disk maxima'll ofCcctive stress at 57« above the maximum operating 
speed shall not exceed the allowable .27. yield stress. (Does not 
apply to areas in which local yielding is permitted). 

Bearings 

Tiirbopump designs shall utilize ball bearings. 

Maximum DN; 1.5x10^ 

Bj^q life 100 hours 
Material: 

Rolling Elements 440C 

Races 440C 


Seals 


Turbopump designs shall utilize concentional type seals. However, 
provision shall be made in the design to permit the incorporation 
(retrofit) of controlled fluid film (hydrodynamic), face seals. Any 
rework or modification of the turbopump housing or other component 
parts in the area of the seals to accommodate the hydrodynamic seals 
shall be specified. Such modifications should be kept to a minimum. 

Face contact seal maximum PV, FV, and PfV factors;* 


L02 H2-»-H20 

PV "actor 25,000 10,000 
FV Factor 2,000 800 
PfV Factor 60,000 20,000 


2 

*PV = unit load times rubbing velocity (Ib/in x ft/sec) 

FV = face load per unit length times rubbing velocity (Ib/in x ft/sfc) 
PfV = fluid pressure differential times rubbing velocity (pslg x ft/sec) 

Critical Speed 

Rotor bending frequency shall be at least 25% above the rotor maximum 
operating speed. 

A minimum margin of 207. shall be maintained between rotor rigid body 
critical speeds and rotor steady-state operating speeds at full thrust 
and the pumped-idlc thrust condition. Rigid body critical speeds 
within the throttled- to- full thrust range shall be permitted only if 
deemed necessary by both the Contractor Program Manager and the NASA 
Project Engineer. 
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